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Editors’  preface 


The  Sixth  International  Conference  on  ll-VI  Compounds  and  Related  Optoelectronic  Materials  was 
held  at  the  Doubletree  Hotel  in  New'port,  Rhode  Island,  USA.  from  13  to  17  September  l‘f93.  This 
special  volume  of  the  Journal  of  Crystal  Growth  is  devoted  to  a  collection  of  papers  presented  at  the 
above  conference.  This  meeting  was  the  sixth  in  a  series  of  international  conferences  on  11- VI 
compounds  first  held  at  Durham,  UK  (19S2),  Aussois,  France  (1985),  Monterey.  USA  (1987),  Berlin. 
Germany  (1989)  and  Tamano,  Japan  (1991).  The  location  of  this  conference  also  marked  the  26th 
anniversary  of  the  first  ever  organized  international  conference  on  ll-VI  semiconducting  compounds 
held  on  6  to  8  September  1967  at  Brown  University,  Providence.  Rhode  Island,  USA.  The  site  at 
Newport,  Rhode  Island,  provided  the  scenic  ocean  view  and  grandeur  among  its  famous  mansions  and 
yachts. 

The  conference  differed  significantly  from  earlier  conferences.  In  previous  conferences,  the  feasibility 
of  achieving  injection  devices  based  particularly  on  the  wide  bandgap  II-Vl  semiconductors  was 
considered  to  be  somewhat  of  a  long  range  event.  The  initial  breakthrough  results  of  blue-green  lasers 
were  first  reported  at  the  last  conference  in  Tamano.  At  this  conference,  wc  felt  increased  enthusiasm, 
vigor  and  eagerness  to  achieve  practical  optoelectronic  devices  as  early  as  possible.  As  a  measure  of  the 
rapid  progress,  work  on  advanced  ZnSe-based  quantum  well  heterostructures  has  led  to  the  demonstra¬ 
tion  of  room  temperature  continuous-wave  diode  lasers,  even  if  sht)rt-lived  for  nt)w.  I  his  accomplishment 
is  a  striking  example  of  the  benefit  that  basic  research  has  endowed  to  the  field.  To  further  vitalize  the 
conference,  an  effort  was  made  to  incorporate  invited  talks  on  111-V  semiconductor  lasers,  in  order  to 
learn  the  material  and  device  issues  from  this  mature  technology.  Wc  believe  that  this  overlap  will  speed 
up  the  commercialization  of  the  shitrtcr  wavelength  lasers. 

The  conference  was  well  attended  and  attracted  over  250  participants  from  20  countries.  The  invited 
and  contributed  oral  papers  were  presented  in  a  single  session  format  and  were  accompanied  by  several 
poster  sessions.  The  qutintity  of  the  presentations  and  enthusiasm  among  the  ptirticipants  was  evident  in 
the  excellent  audience  attendance  during  the  entire  conference. 

I'o  mark  the  event  of  the  first  international  II-VI  meeting  held  at  Brown  University  in  1967.  a  special 
retrospective  evening  session  (  "A  Quarter  Century  of  II-VI  Semiconductor  Research;  Was  it  worth  it'.’") 
was  organized.  The  talks  were  given  by  Professor  Shigeo  Shionoya.  Professor  Immanuel  Broser.  and  Dr. 
Manuel  Aven.  and  summarized  the  (rials  and  tribulations  of  the  II-VI  semiconductor  research  from 
1950  to  1975.  Their  combined  pioneering  effort  represents  over  one  hundred  years  of  active  research  in 
the  field  of  wide  bandgap  ll-VI  semiconductors.  We  were  fortunate  to  have  several  of  these  eminent 
scientists  among  us  who  "believed"  in  the  field  and  encouraged  younger  generations  not  to  give  up. 

With  the  recent  device  breakthroughs,  we  UH)k  forward  in  the  future  to  acceptance  of  the  potential 
optoelectronic  applications  of  II-VI  semiconductors  by  the  broader  scientific  community.  The  recent 
improvements  in  heterostructure  materials  design  and  device  performance  have  attracted  new  blood  to 
our  research  community.  This  is  clearly  evident  by  the  number  of  invited  talks  on  ll-VI  semiconductors 
presented  in  other  recent  prestigious  meetings.  At  the  same  time,  the  advances  on  the  device  front  have. 


i.iUlitr  s  PrcfiU  i' 


if  anything,  shewed  the  need  to  pursue  basie  research  in  the  II-VI  semiconductors  with  full  vigor. 
Among  the  current  critical  issues  are  doping  and  defects  as  well  as  heterojunction  physics.  Progress  in 
these  and  other  problems  connected  with  the  efficiency  and  lifetime  of  light  emitting  diodes  and  lasers  is 
a  pre-requisite  for  technologically  viable  devices. 

The  next  (seventh)  conference  will  be  held  in  1W5  at  Heriot  Watt  University,  Edinburgh.  UK.  and  we 
convey  our  best  wishes  to  the  organizers  for  a  succes.sful  conference. 

During  the  preparation  for  this  conference  in  Newport,  we  were  saddened  to  learn  of  the  loss  of  a 
valuable  colleague  and  member  of  our  program  committee,  Profe.ssor  Otfried  Goede  of  the  Humboldt 
University,  Berlin.  Professor  Goede  made  many  important  contributions  to  the  understanding  of 
electronic  structures  of  wide  gap  II-VI  compounds,  especially  for  isoelectronic  centers  in  solid  solutions. 
We  wish  to  dedicate  this  volume  to  his  memory. 

Ramesh  Bhargava 
Ralph  Ruth 
Takafumi  Yao 
Arto  Nurmikko 
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Abstract 

The  growth  of  ZnSc  on  pscudomorphic  and  partially  relaxed  (In.Ga)P  epitaxial  buffer  layers  has  been  investi¬ 
gated.  The  (In.Ga)P  and  ZnSe  layers  were  grown  in  separate  gas  source  molecular  beam  epitaxy  systems  using 
elemental  sources  for  the  eation  species  and  cracked  PH  ,  and  H  ,Sc  for  the  anion  species.  Surface  morphology 
studies  using  scanning  electron  microscopy  showed  that  the  ZnSc  layers  were  featureless  at  a  magnification  of 
1 .2  X  l(l'‘.  Four  crystal  (4(1(1)  X-ray  rocking  curves  indicated  that  the  ZnSe  full  width  at  half  maximum  (FWHM)  was 
1.411".  while  the  pscudomorphic  (In.Ga)P  buffer  layer  FWHM  was  18".  The  (.s|  I )  rellections  of  X-ray  rocking  curves 
were  used  to  measure  the  residual  strain  as  well  as  the  composition  in  the  (In.Ga)P  buffer  layers.  The  low 
temperature  photoluminescence  spectra  from  the  ZnSe  films  grown  on  partially  rela.xed  (In.Ga)P  exhibited 
intensities  of  the  donor-bound  and  free  excilon  transitions  of  nearly  equal  magnitude,  as  well  as  transitions  due  to 
extended  defects,  suggesting  highly  pure  material.  The  luminescence  from  the  (In.Ga)P  buffer  layers  was  also 
detected. 


I.  Introduction 

Phe  wide  range  of  direct  energy  bandgaps 
available  in  the  ZnSe-hased  material  system,  in¬ 
cluding  (Zn.MgXS.Se)  quaternaries  and  (Zn.Cd) 
Se  ternaries,  offers  the  potential  to  obtain  light 
emitters  functioning  at  any  wavelength  through¬ 
out  the  visible  or  shallow  UV  spectrum.  A  signifi¬ 
cant  obstacle  to  achieving  long-lived  device  per¬ 
formance,  however,  is  the  lack  of  large  area  bulk 
II-VI  substrates.  Recent  progressfl]  in  bulk  ZnSe 
crystal  growth  and  related  surface  preparation 
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techniques  by  the  liagle-Piteher  Company  has 
provided  high  quality,  highly  resistive  substrates, 
whereas  conducting  material  has  not  yet  been 
achieved.  Since  n-  and  p-type  conducting  bulk 
substrates  are  unavailable,  the  II-VI  device 
structures  must  be  grown  on  lll-V  substrates, 
such  as  GaAs,  either  as  pscudomorphic  layers 
that  are  completely  strained,  or  as  relaxed,  and 
thus  dislocated,  layers.  Laser  devices  fabricated 
to  date  have  almost  exclusively  utilized  the  for¬ 
mer  approach,  and  thus  are  severely  constrained 
in  the  choice  of  material  compositions  available 
to  achieve  a  particular  optical  source  operating  at 
a  speeified  wavelength  (2-S],  Removing  the  re¬ 
quirement  that  the  structure  be  pseudomorphic 
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would  permit  far  greater  flexibility  in  selecting  a 
material  composition,  but  the  resultant  lattice- 
mismatch  between  the  III-V  substrate  and  the 
II-VI  epitaxial  layer  causes  the  formation  of 
strain-related  defects  and  dislocations.  For  exam¬ 
ple,  the  0.27%  lattice-mismatch  between  ZnSe 
and  GaAs  gives  rise  to  a  large  number  (>  10'’ 
cm  ■)  of  misfit,  and  thus  threading,  dislocations 
and  defects  which  severely  degrade  the  optical 
and  electronic  properties  of  ZnSe.  These  strain- 
related  defects  have  been  shown  to  propagate 
throughout  the  ZnSe-based  light  emitting  diode 
structures  during  device  operation  which  reduces 
the  lifetime  by  the  creation  of  dark  line  defects 
[0]. 

(In.GafP  epitaxial  buffer  layers  (grown  on 
GaAs  substrates)  provide  an  •"alternative  sub¬ 
strate"  for  the  subsequent  growth  of  the  II-Vl 
compound  family.  By  varying  the  In  mole  frac¬ 
tion,  the  lattice  constant  of  the  buffer  layer  can 
be  varied  from  GaP,  which  is  nearly  lattice- 
matched  to  ZnS,  to  InP,  which  is  lattice-matched 
to  Zn„,,Cd,i4xSc.  By  using  a  specific  (ln,Ga)P 
buffer  layer,  designed  to  be  lattice-matched  to  a 
particular  II-VI  device  structure,  the  strain-in¬ 
duced  misfit  dislocations  can  be  confined  to  re¬ 
main  primarily  near  the  (ln,Ga)P/GaAs  interface 
via  the  insertion  of  dislocation  blocking  strained- 
layer  superlattice  structures.  The  strain  in  the 
II-VI  layer  is  thus  minimized  even  during  the 
heteroepitaxial  nucleation  of  the  II-VI  device 
layer.  Elimination  of  the  problems  due  to  lattice- 
mismatch  would  require  the  use  of  bulk  crystals 
having  the  appropriate  lattice  constant.  Addi¬ 
tional  benefits  are  anticipated  due  to  the  larger 
(ln,Ga)P  energy  bandgap  enabling  a  grading  of 
the  valence  band  discontinuity  present  between 
the  GaAs  and  the  ZnSe;  such  bandgap  engineer¬ 
ing  is  anticipated  to  improve  the  transptm  prop¬ 
erties  of  the  laser  and  light  emitting  diode  de¬ 
vices.  Chemical  differences  between  the  ZnSe 
and  (ln,Ga)P,  as  compared  to  GaAs,  may  also 
enhance  future  device  prcKC.ssing  technologies 
due  to  the  capability  of  using  various  new  selec¬ 
tive  etches. 

In  this  investigation,  ZnSe  cpilayers  were 
grown  on  a  range  of  In,Ga|.,P  buffer  layers, 
having  various  In  mole  fractions  (0.46  <jr  <  0.55), 


on  GaAs  substrates;  both  II-VI  and  III-V  semi¬ 
conductors  were  deposited  by  gas  source  molecu¬ 
lar  beam  epitaxy  (GSMBE).  During  the  various 
growths  and  while  the  ll-Vl  layer  was  nucleated 
on  the  111-V  surface,  the  films  were  analyzed  in 
situ  by  reflection  high-energy  electron  diffraction 
(RHEED).  The  surface  morphology  and  the 
structural  properties  were  characterized  by  scan¬ 
ning  electron  micro.scopy  (SEM).  high  re.solution 
X-ray  diffraction,  and  cross-sectional  transmis¬ 
sion  electron  microscopy,  whereas  the  optical 
oroperties  where  investigated  by  photolumines¬ 
cence  spectroscopy  (PL). 


2.  Experimental  procedure 

The  III-V  buffer  layers  were  grown  in  a  dedi¬ 
cated  GSMBE  reactor  utilizing  cracked  arsine 
(AsH ,)  and  phosphine  (PH ,)  as  the  anion  species, 
and  elemental  In  and  Ga  as  the  cation  species. 
Thermal  pyrolysis  of  the  hydrides  was  carried  out 
in  a  single  gas  cracker  at  9(X)°C.  The  procedure 
for  GaAs  (1(K))  substrate  preparation  has  been 
de.scribed  previously  [10].  Prior  to  growth  of  the 
(In.Ga)P  buffer  layers,  a  0.5  ^m  epitaxial  layer  of 
undoped  GaAs  was  grown  on  the  GaAs  sub¬ 
strate.  at  a  temperature  of  60()°C,  in  order  to 
achieve  an  epitaxially  smooth  surface.  The  sub¬ 
strate  temperature  was  calibrated  using  an  opti¬ 
cal  pyrometer  to  observe  the  eutectic  phase  tran¬ 
sition  of  5(K)  A  of  Au  on  Ge  (356°C)  and  the 
melting  point  of  InSb  (525°C).  The  AsH,  flow 
rate  was  1.5  SCCM.  Upon  completing  the  growth 
of  the  GaAs  epilaycr,  a  diffraction  pattern  show¬ 
ing  a  sharp  (2  x  4'  reconstruction  was  observed 
with  RHEED.  The  substrate  temperature  was 
then  reduced  to  45()°C,  where  a  c(4  x  4)  RHEED 
pattern  appeared  prior  to  initiating  the  growth  of 
(In.Ga)P. 

Al  the  beginning  of  each  (In.Ga)P  layer  growth, 
a  sharp  (2x1)  surface  reconstruction  pattern  was 
routinely  obtained  by  RHEED,  complete  with  the 
observation  of  strong  RHEED  intensity  oscilla¬ 
tions  which  persisted  for  many  minutes.  Informa¬ 
tion  derived  from  these  RHEED  intensity  oscilla¬ 
tions  was  used  to  estimate  the  growth  rate  and 
alloy  composition.  The  precise  alloy  comptisition 
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was  determined  by  (400)  and  (511)  X-ray  diffrac¬ 
tion  rocking  curves.  The  phosphine  flow  rate  was 
1.8  SCCM.  For  both  the  GaAs  and  (In,Ga)P 
layers,  the  group  V  to  group  III  ratio  was  approx¬ 
imately  2 ;  1  as  determined  by  both  group  111- 
limited  and  group  V-limited  measurements  of 
RHEED  intensity  oscillations.  For  the  aforemen¬ 
tioned  gas  flows,  the  chamber  pressure  was  typi¬ 
cally  (1  -2)x  10“^  Torr.  The  (ln,Ga)P  buffer 
layers  were  grown  to  a  thickness  of  approximately 
1  /rm  or  4  /j,m.  Upon  completion  of  the  lil-V 
buffer  layer  structure,  amorphous  As  was  u.scd  to 
passivate  the  (ln,Ga)P  in  situ  by  exposing  the 
(!n,Ga)P  surface  to  a  cracked  arsine  flux  for  3(1 
min  once  the  substrate  temperature  had  ctHiled 
to  below  1(K)°C.  Transfer  to  the  II-VI  dedicated 
growth  chamber  was  then  carried  out  ex  situ 
through  air. 

The  ZnSe  layers  were  grown  u.sing  elemental 
Zn  and  hydrogen  sclenidc  (H,Se)  as  source  ma¬ 
terials.  An  optical  pyrometer  observing  the 
Au/Ge  eutectic  phase  transition  (356°C)  was  used 
to  calibrate  the  substrate  temperature.  (The 
Au/Ge  eutectic  sample  was  mounted  with  a  liq¬ 
uid  In/Ga  solder  when  the  sample  was  trans¬ 
ferred  ex  situ  from  the  III-V  GSMBE  to  the 
ll-VI  GSMBE.)  A  majority  of  the  ZnSe  films 
were  grown  at  a  substrate  temperature  of  275°C 
with  the  surface  stoichiometry  maintained  slightly 
Zn-rich.  as  determined  by  the  surface  reconstruc¬ 
tion  pattern  obtained  during  growth.  The  Zn  tlu.x. 
measured  by  a  water-cxxiled  crystal  oscillator 
placed  at  the  position  of  the  substrate,  was  ap¬ 
proximately  l).7  A/s.  The  cracker  temperature 
and  the  flow  rate  of  the  H^Sc  were  l(KK)°C  and 
1.5  SCCM.  respectively.  Additional  information 
regarding  the  growth  and  material  quality  of  the 
Zn.Se  has  been  described  in  ref.  [IIJ.  The  passi¬ 
vating  layer  of  amorphous  arsenic  was  desorbed 
in  the  II-VI  growth  chamber  at  approximately 
27I)°C  until  recovery  of  the  (2x1)  reconstruction 
pattern  characteristic  of  the  (In,Ga)P  surface  was 
observed.  A  streaky  RHEED  pattern  appeared 
immediately  upon  the  nucleation  of  ZnSe,  and 
persisted  throughout  the  entire  growth  on 
(ln,Ga)P  films  having  lattice  constants  near  that 
of  ZnSe  [12]. 


3.  Results  and  analysis 

The  quality  of  the  (ln,Ga)P  surface  was  crucial 
for  the  subsequent  nucleation  of  ZnSe.  After  the 
growth  of  the  (ln,Ga)P  layers,  in  situ  RHEED 
observations  showed  a  sharp  (2x1)  reconstruc¬ 
tion  pattern,  indicating  good  surface  quality.  Dur¬ 
ing  the  ex  situ  transfer  step,  one  of  the  two 
(In,Ga)P  samples  was  removed  for  surface  analy¬ 
sis.  The  surface  of  the  films  were  featureless 
when  viewed  by  SEM  at  a  magnification  of  1.2  x 
in'*;  cross-hatching  at  the  surface  was  not  ob¬ 
served  for  a  variety  of  (In.Ga)P  films  grown  at 
45()°C.  At  lower  magnifications,  oval  defects  and 
particulates  were  observed.  Under  the  same  SEM 
magnification  of  1.2  x  10''.  the  ZnSe  surface  was 
also  found  to  be  featureless  [12].  In  contrast. 
(In.Ga)As  buffer  layers,  that  arc  lattice-matched 
to  ZnSe.  have  been  found  to  exhibit  a  cross- 
hatched  surface  [13].  However,  cross  hatching  was 
observed  for  high  temperature  (above  5(M)°C) 
growth  of  partially  relaxed  ln  ,Ga|  ,P  layers  hav¬ 
ing  compositions  with  .v  ^  0.45.  which  results  in 
the  layers  existing  under  tension. 

To  obtain  ZnSe  layers  free  from  misfit  disloca¬ 
tions  using  a  GaAs  substrate,  one  possible  method 
is  to  grow  an  ln|,^,Gai,4,.<P  buffer  layer,  which 
would  provide  a  lattice-match  to  ZnSe  when  re¬ 
laxed  with  respect  to  the  GaAs  substrate.  For 
lattice-mismatched  epitaxial  layers,  it  is  well 
known  that  below  a  certain  critical  thickness,  h^. 
the  misfit  strain  between  the  epilayer  and  sub¬ 
strate  will  be  accommodated  by  elastic  deforma¬ 
tion.  Under  such  pseudomorphic  conditions,  the 
in-plane  lattice  constant  of  the  epilayer.  a  .  will 
be  equal  to  that  of  the  underlying  substrate. 
Based  on  the  force  balance  model  of  Matthews 
and  Blakeslee  [14],  the  critical  thickness  of 
Inii  .^.GuiijxI’  GaAs  is  predicted  to  be  approxi¬ 
mately  0.047  ;xm.  Using  double  crystal  X-ray 
diffraction  rocking  curve  techniques,  measure¬ 
ments  of  the  (511)  peaks,  for  ln||,,,Ga||4xP  epilay- 
ers  of  approximately  I  ^m  in  thickness,  indicated 
that  of  the  epilayer  was  equal  to  the  lattice 
constant  of  the  GaAs  substrate.  The  X-ray  analy¬ 
sis  indicated  that  the  ln|,s,Ga,i4xP  films  are  still 
pseudomorphic  for  thicknesses  much  greater  than 
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the  critical  thickness  predicted  by  the  force  bal¬ 
ancing  model. 

Ozasa  et  al.  [15]  have  reported  that  the  energy 
balancing  model  is  more  appropriate  to  describe 
the  lattice  relaxation  mechanism  of  (ln,Ga)P. 
From  this  model,  is  given  by: 


h.. 


I  -  I- 


I  +  V 


cos’fl  + 


sin’fl 


I 


h-  1 

x-pln|^ 


where  a  is  the  relaxed  lattice  constant  of  the  film, 
b  is  the  length  of  the  Burgers  vector  of  the 
dislocation  line  (equal  to  a/ 'll),  v  is  the  Poisson 
ratio,  0  is  the  angle  between  the  dislocation  line 
and  its  Burgers  vector  (60°  for  (In,Ga)P),  a  is  60°, 
and  /  is  the  absolute  value  of  the  misfit  strain 
between  the  (In,Ga)P  epilayer  and  GaAs  sub¬ 
strate  [16],  From  the  formula,  the  critical  thick¬ 
ness  calculated  for  an  In,i5,Ga„4nP  epilayer  on 
bulk  GaAs  is  ,1.4  /im  and  is  significantly  larger 


than  the  h^.  calculated  from  the  force  balancing 
model.  Using  the  prediction  of  a  critical  thickness 
of  .1.4  jum,  the  In,i52Ga„4xP  layers  were  grown  to 
dimensions  of  approximately  4  /am.  Subsequent 
measurements  of  the  (511)  X-ray  peaks,  obtained 
using  double  crystal  X-ray  diffraction  rocking 
curve  techniques,  indicated  a  O.lWc  lattice-mis¬ 
match  to  still  remain  between  the  In„,;iGa|,4>iP 
and  the  ZnSc,  indicating  that  the  buffer  layer  was 
only  partially  relaxed. 

X-ray  diffraction  rocking  curve  techniques  of¬ 
fer  one  method  of  determining  the  crystalline 
quality  of  a  multilayered  structure;  the  breadth  of 
the  features  is  indicative  of  the  amount  of  scatter¬ 
ing  of  the  X-rays  by  dislocations  and  defects. 
Four  crystal  X-ray  diffraction  rocking  curves  ob¬ 
tained  on  the  1.15  /xm  (In,Ga)P  epilayer  showed 
a  FWHM  of  18  arc  sec.  which  was  comparable  to 
the  FWHM  of  the  GaAs  substrate  (14").  (For  the 
measurement,  the  ZnSe  was  selectively  etched 
away  from  the  (In.Ga)P.)  The  extremely  narrow 
(4(K))  peak  suggested  that  the  1.15  /uni  (In.Ga)P 


Arcseconds 


Kig.  I.  (a)  (4(H))  X-ray  riKking  curve  obtained  from  a  1.1  fim  ZnSe  film  grown  on  4..t  (In.Ga)P.  The  residual  strain  between  the 
(iaAs  substrate  and  the  (In.Cia)P  buffer  layer  is  Ju/u  =  ().l.S‘"f .  (b)  (In.Ga)P  film  X-ray  rtKking  curve  obtained  after  the  ZnSe  had 
been  selectively  etched  away.  The  peak  of  the  (raAs  substrate  feature  has  been  shifted  to  O"  for  clarity. 
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layer  was  pseudomorphic  to  the  GaAs  substrate 
and  was  subsequently  confirmed  by  cross-sec¬ 
tional  transmission  electron  micrographs.  Fig.  I 
shows  the  double  crystal  X-ray  rocking  curve  ob¬ 
tained  from  the  structure  containing  the  4.3  /am 
lniis2Ga||4xP  buffer  layer.  The  (400)  reflections 
for  structures  with  and  without  the  ZnSe  epilayer 
arc  shown.  The  FWHM  for  each  of  the  peaks 
from  the  Ill-V  layers  are  30"  for  GaAs  and  40" 
for  the  (In.GalP,  For  mole  fractions  of  In  and  Ga 
of  approximately  50:50,  Mas.sclink  et  al.  [17]  have 
observed  the  tendency  for  ordering  of  (ln,Ga)P 
grown  by  GSMBE.  The  presence  of  ordering 
appears  as  a  shoulder  on  the  (4(K))  X-ray  reflec¬ 
tion  on  the  side  away  from  the  GaAs.  As  can  be 
seen  in  Fig.  1,  the  (In,Ga)P  peak  does  not  contain 
a  shoulder  of  significant  intensity.  However,  for 
thinner  (~  1  /xm)  (In,Ga)P  pseudomorphic  lay¬ 
ers.  the  shoulder  was  observed  in  the  X-ray  spec¬ 
tra  [11].  The  increasing  width  of  the  feature  origi¬ 
nating  from  (In,Ga)P  is  due  to  the  partial  relax¬ 


ation  of  the  epilayer;  (511)  reflections  indicate 
that  the  (In.Ga)P  is  still  mismatched  (0.1  Kx)  to 
the  ZnSe  layer.  For  the  1.8  /am  fully  relaxed 
ZnSe  film,  grown  on  the  1.15  ^m  (In,Ga)P  buffer 
layer,  the  FWHM  of  the  (4(K))  X-ray  rocking 
curve  is  approximately  130",  while  a  larger 
FWHM  is  observed  for  the  ZnSe  films  grown  on 
the  4.3  fim  (ln,Ga)P  layers  (as  seen  in  Fig.  1). 
Although  it  is  expected  that  the  FWHM  for  the 
ZnSe  should  be  narrower  for  a  smaller  degree  of 
mismatch,  additional  difficulties  in  the  arsenic 
evaporation  and  subsequent  nucleation  of  the 
ZnSe  layer  on  these  particular  partially  relaxed 
(ln,Ga)P  surfaces  is  believed  to  be  contributing  to 
the  broader  rocking  curve  for  the  ZnSe  growth  on 
the  4.3  /am  (In,Ga)P  layers.  ZnSe  grown  on  a 
GaAs  substrate  exhibited  FWHMs  in  the  range 
of  180"  to  230". 

The  optical  properties  of  the  ZnSe  films  were 
examined  by  low  temperature  (10  K)  photolumi- 
ncscence  spectroscopy.  As  shown  in  Fig.  2.  the 


Fig.  2.  10  K  photolutninescence  spectrum  of  the  l.l  >im  ZnSe  film  grown  on  partially  relaxed  4..S  pm  (In.Ga)P  film.  The  feature  at 
I.9.W  eV  is  attributed  to  the  photoluminescence  from  the  (In.Ga)P  buffer  layer.  Features  at  2.80.S.  2.79.S.  2.77h  and  2.W).7  are 
identified  as  F,,,  Ij,  I',',  and  Y,,,  respectively.  The  origin  of  the  feature  at  2.717  is  unknown  and  is  under  investigation.  (The  feature 
at  I.y07  eV  is  the  second  harmonic  of  the  .12.S0  A  line  from  the  HeCd  laser.) 
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donor-bound  exciton  (l^)  and  free  exciton  (E,) 
transitions  were  of  nearly  equal  intensity  for  the 
1.1  /xm  ZnSe  layer  grown  on  the  4.3  /im 
ln||.;2Ga,|4xP  buffer  layer,  indicating  that  the 
ZnSe  epilayer  had  a  low  donor  concentration  and 
high  crystalline  purity.  The  Y,,  transition  at  2.602 
eV  and  the  I"  transition  at  2.775  eV  have  been 
attributed  to  extended  defects  and  are  typically 
observed  in  high  purity  ZnSe  epilayers  [18-22]. 
The  wider  FWHM  of  the  X-ray  rocking  curves, 
and  the  presence  of  the  Y,,  and  the  1"  transitions, 
suggest  that  the  ZnSe  layer  still  contains  a  num¬ 
ber  of  dislocations,  and  requires  confirmation  by 
transmission  electron  microscopy.  The  transition 
at  1.938  eV  is  due  to  photoluminescence  originat¬ 
ing  from  the  (In.GalP  buffer  layer. 


4.  Summary 

High  quality  ZnSe  epilayers  have  been  grown 
on  (In.GalP  buffer  layers  by  GSMBE.  The  critical 
thickness  of  the  (In.GalP  epilayers  greatly  e.x- 
ceeded  the  value  predicted  by  the  Matthews  and 
Blakeslee  force  balancing  model,  as  well  as  by  a 
model  which  uses  an  assumption  of  energy  bal¬ 
ance.  SEM  investigations  of  the  (In.GalP  layers 
showed  that  the  surfaces  were  featureless,  and 
did  not  exhibit  any  evidence  of  cross-hatching  on 
partially  relaxed  (In.GalP  buffer  layers.  ZnSe  lay¬ 
ers  grown  on  the  pseudomorphic  (In.GalP  buffer 
layers  had  a  FWHM  of  approximately  13(1",  as 
determined  by  (4(1(11  X-ray  rocking  curves  indicat¬ 
ing  good  structural  quality.  Photoluminescence 
spectra  of  ZnSe  on  partially  relaxed  In,|,2Ga„4xP 
also  suggests  that  the  films  were  of  high  purity.  In 
conclusion.  (In.GalP  is  a  promising  substrate  ma¬ 
terial  for  the  realization  of  devices  based  on 
ZnSe  and  its  related  II-VI  compounds. 
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Abstract 

The  selected  area  epitaxial  overgrowth  of  narrow  gap  HgTe  as  well  as  wide  gap  CdTe  and  ZnTe  on  C'dTe/GaAs 
substrates  which  had  been  structured  by  dry  etching  techniques,  has  been  investigated.  A  plasma  etching  process 
using  a  barrel  reactor  with  CHj-H,  gases  has  been  employed  to  prepare  stripes  with  a  width  of  about  I  /am  with 
ani.sotropic  as  well  as  isotropic  etching  profiles.  It  has  been  found,  that  the  selected  area  HgTe  overgrowth  takes 
place  with  a  high  local  selectivity  t('  the  low  index  planes  of  the  patterned  surface.  In  contrast,  the  selected  area 
overgrowth  of  the  wide  gap  CdTe  and  ZnTe  is  controlled  by  anisotropic  growth  kinetics  provided  that  the  substrate 
temperature  is  not  lower  than  220°C  and  he  starting  surface  consists  of  well  developed  hnv  index  crystallographic 
planes. 


1.  Introduction 

The  epitaxial  overgrowth  on  patterned  sub¬ 
strates  has  been  studied  in  the  last  decade  to  our 
knowledge  entirely  for  Ill-V  compounds.  It  is  of 
technological  importance  for  the  fabrication  of 
index  of  refraction  guided  injection  lasers  [I]  as 
well  as  for  the  synthesis  of  low  dimensional  .struc¬ 
tures  [2]  which  could  form  the  basis  for  novel 
device  applications.  The  basic  idea  of  a  “true" 
selected  area  epitaxy  (SAE)  is  (i)  to  adjust  the 
pattern  dimensions  of  the  substrate  surface  to 
correspond  to  the  diffusion  length  of  the  adatoms 
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and  (ii)  to  exploit  the  ani.sotropy  of  the  growth 
kinetics.  If  the  dimensions  of  the  structures  in  the 
pattern  are  of  the  order  of  the  surface  diffusion 
length  of  the  adatoms,  then  the  adatoms  can 
migrate  to  planes  with  lower  surface  energies  and 
condense  there.  Therefore  a  peculiar  feature  of 
growth  on  patterned  substrates  is  a  position  de¬ 
pendent  grow'th  rate  across  the  surface  which 
provides  the  possibility  to  induce  ItKalized  con¬ 
densation  and  thereby  to  generate  laterally  de¬ 
fined  structures.  The  MBE  growth  kinetics  of 
II-VI  compounds  is  not  uniform.  The  sticking 
coefficients  of  cations  and  anions  of  wide  gap 
II-VI  compounds  arc  comparable  over  a  wide 
temperature  range  and  therefore  the  minority 
flux  determines  the  growth  rate  [.^].  But  growth 
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regimes  are  known,  where  a  self-regulation  be¬ 
haviour  takes  place,  e.g.  the  chalcogen  atom  sticks 
only  in  the  presence  of  a  metal  atom,  similar  to 
the  Ill-V  semiconductors  [4].  On  the  other  hand, 
the  sticking  coefficients  of  the  narrow  gap  II-VI 
compounds  containing  Hg  differ  by  at  least  two 
orders  of  magnitude  and  show  an  unusually  strong 
dependence  on  the  growth  direction  [5].  The  pur¬ 
pose  of  the  present  work  is  to  study  the  SAE 
growth  mechanism  of  wide  gap  as  well  as  narrow 
gap  II- VI  compounds  on  structured  surfaces  in 
general  and  to  determine  the  possibility  of  direct 
preparation  of  as-grown  nanometer  structures  on 
micrometer  scaled  surface  structures. 


2.  Experimental  setup 

The  CdTe/GaAs  substrates  used  in  the  fol¬ 
lowing  .SAE  experiments  c<insisi  of  appioximately 

/am  of  CdTc  grown  on  (10(1)  GaAs  by  hot-wall 
epitaxy  [6].  These  CdTe/GaAs  substrates  arc  re¬ 
ferred  to  as  CdTe  substrates  in  the  following.  The 
CdTo  layers  were  etched  using  a  CH^-  H ,  plasma 
in  a  barrel  reactor.  Details  of  this  prwess  are 
described  elsewhere  [7].  Both  the  anisotropic  and 
isotropic  etch  regimes,  were  used  to  generate 
periodically  corrugated  CdTe  surfaces  as  shown 
in  Figs,  la  and  lb.  which  are  scanning  electron 
microscopy  (SEM)  images  of  cross  sections  of  an 


Fig.  1.  (a)  SFM  image  of  the  cross  section  profile  of  an  isotropic 
profile  of  an  anisotropic  etched  C  dTe  stripe  pattern. 


isotropically  etched  and  an  anisotropically  etched 
stripe  pattern,  respectively.  Characteristic  dimen¬ 
sions  of  the  investigated  patterns  are  a  stripe 
width  of  1  p.m,  a  stripe  height  of  0.8-1..S  /um  and 
a  stripe  to  stripe  distance  of  10-100  /um.  All 
stripes  were  oriented  parallel  to  [110]  directions 
with  a  {100}  surface  plane.  Electrical  measure¬ 
ments  were  conducted  on  contact  areas  of  about 
.300  X  500  /cm,  which  were  placed  on  both  ends 
of  the  stripes. 

The  epitaxial  overgrowth  of  HgTe  and  CdTe 
was  carried  out  in  a  Riber  2300  MBE  system, 
which  was  adapted  to  the  special  requirements  of 
Hg  as  described  elsewhere  [8].  The  patterned 
CdTe/GaAs  substrates  were  cleaned  with  stan¬ 
dard  solvents  and  etched  with  HCl  in  order  to 
remove  oxygen  from  the  surface.  The  substrates 
were  then  mounted  on  a  molybdenum  holder 
with  a  graphite  solution.  All  substrates  were  ther¬ 
mally  cleaned  in  vacuum  at  .35()°C  for  2  min. 
Before  overgrowth  a  homoepitaxial  buffer  layer 
of  5(W  A  was  grown  to  ensure  the  reproducibilty 
of  the  nucleation  process.  The  HgTe  layers  were 
grown  at  a  temperature  of  180°C  and  the  CdTe 
layers  at  2.30°C.  Some  of  the  experiments,  in 
particular  the  ZnTe  overgrowth,  were  carried  out 
in  a  hot  wall  beam  epitaxy  (HWBE)  system.  The 
principle  of  the  HWBE  has  been  described  else¬ 
where  [Oj.  The  ZnTe  growth  rate  was  varied 
between  0.4  and  2.7  /cm/h  in  order  to  investigate 


clchcd  CdTe  .stripe  pattern,  (b)  SEM  image  of  the  cross  section 
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the  intluencc  of  the  growth  rate  as  well  as  the 
growth  temperature  on  the  selected  area  growth 
mechanism. 


3.  Results  and  discussion 

The  epitaxial  HgTe  overgrowth  was  carried 
out  on  patterned  CdTe/GaAs  in  order  to  investi¬ 
gate  the  influence  of  the  crystal  orientation  on 
the  HgTe  growth  rate.  A  scanning  electron  mi¬ 
croscopy  image  of  a  (100)  surface,  which  was 
overgrown  with  a  0.2  /am  thick  epilayer  of  HgTe, 
is  shown  in  Fig.  2.  The  image  was  made  in  the 
Hg-sensitive  compositional-contrast  mode  and 
shows  the  lateral  distribution  of  HgTe  after  the 
growth  process.  It  can  be  seen,  that  HgTe  has 
grown  only  on  the  (100)  oriented  surface  plane, 
i.e.  on  top  of  the  smooth  surface  of  the  stripes  as 
well  as  on  the  rough  surface  between  the  stripes, 
as  indicated  by  the  uniform  gray  color.  No  growth 
was  observed  on  the  (1 1 1}  planes  on  both  sides  of 
the  stripes  or  on  the  {11(1}  oriented  sides  of  the 
stripes,  which  is  indicated  by  the  darker  color.  It 
has  been  experimentally  shown  that  the  HgTe 
growth  rate  and  hence  the  Hg  sticking  coefficient 
S  is  orientation  dependent  according  to  the  fol¬ 
lowing  relationship  [7]: 

,S'(  1 1 1 )  B  >  .S(  KM))  >  .<)(  1 1 1 )  A  >  .V(  lit)). 
Apparently  overgrowth  has  been  performed  in  a 


Hg  1.  Sl-M  ciimposilional  conlraM  imatic  of  HjiTc  selected 
area  epila’iy. 


Fig.  .t.  Cleaved  cross  section  of  a  single  CdTe  stripe  over¬ 
grown  with  HgTe 


regime  where  the  basic  ctmdititm  for  epitaxial 
growth. 

^Ilglef  ^siihstr.tle  )  ^  P\\'  • 

was  fulfilled  only  for  the  {100}  planes.  Here 
^iigie^^vuhvir.nc^  tempcraturc  dependent 

equilibrium  coefficient  of  condensatitin.  p,,J/iA7} 
is  the  Hg  partial  pressure  (concentration  of  phys- 
isorbed  Hg)  and  |>^^  is  the  partial  pressure  of 
tellurium  (concentration  of  physi.sorhed  Te).  The 
orientation  dependence  of  the  Hg  sticking  coeffi¬ 
cient  implies  that  the  concentration  of  phys- 
isorbed  Hg  is  also  dependent  on  the  orientation 
of  the  growth  surface.  The  substrate  temperature 
and  llux  intensities  chosen  for  this  experiment, 
have  enabled  hetero-nucleation  of  Hg  Te  for  the 
{KM)}  oriented  surfaces  but  not  for  the  other 
surface  orientations  of  the  patterned  substrate, 
which  we  assume  are  {1 1 1}  A  surfaces.  This  result 
confirms  qualitatively  the  orientation  dependence 
of  the  Hg  sticking  coefficient  and  demonstrates 
that  it  should  be  possible  to  use  this  behavior  for 
liKal  selectivity  of  epitaxial  overgrowth.  High  res¬ 
olution  X-ray  diffraction  has  shown  for  all  experi¬ 
ments  that  the  full  width  at  half  maximum  of  the 
corresponding  rocking  curves  was  significantly 
smaller  after  the  epitaxial  overgrowth  with  typical 
values  of  about  2(MI  arc  sec.  Fig.  shows  a  cleaved 
{110}  cross  section  SFM  image  of  a  single  CdTe 
stripe  after  HgTe  overgrowth.  It  can  be  seen,  that 
on  top.'f  ilu-  siiipc  a  faceted  structure  has  formed 
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with  two  (111)  side  surfaces  and  a  (KM)}  top 
surface.  This  indicates,  that  the  growth  rate  R  of 
HgTe  for  the  {111}  surfaces  must  be  smaller  than 
for  the  {100}  surface.  Tellurium  determines  the 
growth  rate  in  the  MBE  growth  of  HgTe,  which 
took  place  at  a  very  low  sub.stratc  temperature 
(180°C),  and  therefore,  the  migration  anisotropy 
of  the  rate  determining  species  should  be  rather 
low.  The  growth  rates  on  {100}  and  {111)  in  this 
case  are  mainly  influenced  by  the  ratio  of  effec¬ 
tive  incident  fluxes  F: 

/■'{111)A  =  /"{100}  cos(54.7"). 

This  results  in  the  formation  of  a  truncated  pyra¬ 
mid  on  top  of  the  stripes.  The  measured  growth 
rate  ratio  ^{(HgTe)  = /?{1 1  l}A//?{100}  is  shown 
in  Table  1  and  confirms  that  this  growth  rate 
relationship  is  reproducible;  therefore  it  seems 
possible  to  reduce  the  width  of  the  top  {100} 
HgTe  surface  from  1  pm  down  to  a  few  tens  of 
nanometers,  and  thus  to  fabricate  quantum  wires 
which  are  in  an  as-grown  state.  The  principal 
advantage  of  the  selected  area  overgrowth  on  top 
of  a  mesa-type  pattern,  demonstrated  in  this  work, 
is  that  epitaxy  takes  place  on  surfaces  which  are 
almost  in  an  as-grown  state  and  not  damaged  by 
the  plasma.  In  order  to  determine  the  electrical 
properties  of  the  200  nm  thick  HgTe  overgrowth 
stripes.  Shuhnikov-De  Haas  (SdH)  measure¬ 
ments  were  performed.  The  contact  areas  were 
bonded  with  gold/indium  contacts  and  the  trans¬ 
verse  magneto-resistance  was  measured.  From  the 
positions  of  the  oscillations  a  donor  concentra¬ 
tion  of  6  X  10''  cm  '  and  a  mobility  of  ?>.2  x  10^ 
cm“  V  '  s  '  at  4.2  K  were  determined.  This  is 
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comparable  with  data  of  good  quality  MBE  grown 
HgTe  layers  as  reported  in  the  literature  [10]  and 
clearly  demonstrates  the  po.s.sibility  of  growing 
epitaxial  HgTe  layers  of  sufficient  quality  on  top 
of  CdTe  stripes. 

The  overgrowth  behavior  of  wide  gap  II- VI 
compounds  was  investigated  with  a  series  of 
growth  experiments  with  CdTe  and  ZnTe.  The 
starting  surface  was  the  same  as  that  used  in 
MBE  overgrowth  of  HgTe,  i.e.  CdTe/GaAs  was 
dry  etched  to  generate  mesa  shaped  .stripes  along 
the  [110]  direction.  The  overgrowth  of  CdTe  was 
carried  out  after  the  surface  was  thermally 
cleaned  and  the  buffer  layer  was  grown  as  de- 
.scribed  above.  The  substrate  temperature  was 
decreased  to  2.^()°C  and  the  CdTe  overlayers  were 
grown  using  an  additional  Cd  source,  in  order  to 
maintain  a  more  stoichiometric  grow'th.  In  some 
cases.  HgTe  layers  were  overgrown  on  top  of  the 
CdTe  overgrowth,  which  reproduces  the  features 
discussed  above.  Fig.  4a  shows  a  SEM  image  of  a 
cleaved  cro.ss  section  of  such  a  structure.  The 
starting  surface  profile  was  isotropically  etched  as 
shown  in  Fig.  la.  It  is  easily  recognized,  that  the 
CdTe  overgrowth  on  the  stripe  starts  also  with 
the  formation  of  two  {111}  facets  on  both  sides  of 
the  stripe  but  obviously  now  with  {1 1  l}B  polarity. 
Because  of  the  incident  flux  relationships,  the 
growth  rate  of  these  two  {111}  facets  is  smaller 
than  that  of  the  {100}  growth  plane.  The  stripe 
width  becomes  larger  as  the  overgrowth  proceeds 
which  implies  the  {111}B  polarity  of  the  surface. 
When  the  Hgl'e  overgrowth  is  started,  the  cross 
section  profile  changes  immediately;  the  HgTe 
forms  {111}  facets  with  the  opposite  polarity  and 
the  stripe  width  becomes  smaller  us  discussed 
above.  The  mechanism  behind  the  formation  of 
the  opposite  type  {111}  facets  is  not  fully  under¬ 
stood  at  the  present.  If  we  consider  the  surface 
profile  between  the  stripes,  we  observe  the  for¬ 
mation  of  “lips"  near  the  stripes.  The  measure¬ 
ment  of  the  overlayer  thickness  between  the 
stripes  results  in  a  constant  value  of  1..“'  /am. 
which  indicates  that  in  the  case  of  an  isotropically 
etched  substrate  profile  the  surface  diffusion  is 
less  efficient  and  the  selectivity  of  the  growth  rate 
is  suppressed.  The  formation  of  “lips  is  there¬ 
fore  caused  by  a  shadow  effect  from  ttie  stripes 
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Fig.  4.  (a)  Selected  area  gro>wih  of  HgTe/CdTe  on  isotropically  etched  stripe  pattern,  (b)  Selected  area  epitaxy  of  CdTe  on 
anisotropically  etched  stripe  pattern. 


and  not  influenced  by  surface  kinetics.  The  same 
surface  profiles  were  obtained  for  low  growth 
rates  of  about  0.5  and  high  growth  rates  of 
2.5  /Lim.  For  comparison,  CdTe  overlayers  were 
grown  on  anisotropically  etched  'surfaces  which 
are  shown  in  Fig.  lb.  Fig  4b  shows  the  resulting 
cross  section  surface  profile  after  deposition  of 
0.9  of  CdTe  with  the  .same  growth  parame¬ 
ters  as  described  above.  One  can  sec  that  a 
completely  different  profile  of  the  surface  be¬ 
tween  the  stripes  results  without  the  presence  of 
"lips".  In  analyzing  this  behavior,  we  have  mea¬ 
sured  the  thickness  distribution,  considering  that 
the  Cd  and  Te  flux  densities  arriving  at  the  {III} 
and  {100}  planes  is  different  from  geometrical 
reasons.  Without  sufficient  surface  migration  we 
would  expect  a  relationship  for  the  growth  rates 
on  {100}  and  {111},  analogous  to  the  situation  for 
the  low  temperature  HgTc  growth,  i.c.  /?{lll}  = 
/?{l(K))cos(54.7°).  Flencc,  if  the  measured  ratio 
(7  = /{{1 1 1}//^{1(M))  is  significantly  greater  or 
smaller  than  0,57,  the  surface  kinetics  and  in 
particular  the  migration  of  adatoms  influences 
the  growth  velocity  of  the  adjacent  planes.  The 
measured  ratio  in  the  experiment  discussed  here 
is 

e  =  II !)//?{ KM)} 

=  0.15  /rm/h/0.45  ^m/h  =  ()..44. 


This  means  that  the  growth  velocity  of  the  {111} 
facets  is  reduced  due  to  a  net  flow  of  the  rate 
determining  species  from  the  {111}  facet  to  the 
adjacent  {100}  plane.  Such  a  net  flow  can  only 
occur  if  the  mobility  of  the  adatoms  on  the  {llU 
facets  is  sufficiently  high  and  exceeds  the  mobility 
at  the  {100}  plane.  In  this  context,  one  can  ex¬ 
plain  the  ab.scence  of  "lips"  in  all  experiments 
with  anisotropically  etched  surfaces.  The  large 
surface  diffusion  compensates  local  inhomogeni- 
ties  in  the  incident  fluxes,  i.c.  shadows.  Table  1 
summarizes  the  measured  growth  rate  ratio  Q  for 
HgTc  as  well  as  CdTe  and  ZnTc  overgrowth  on 
ani.sotropically  etched  starting  surfaces. 


4.  Summary  and  conclusions 

Selected  area  epitaxial  overgrowth  of  narrow 
gap  HgTc  and  wide  gap  CdTe  and  ZnTe  on  dry 
etched  CdTe/GaAs  substrates  has  been  investi¬ 
gated.  A  plasma  etch  process  using  a  barrel  reac¬ 
tor  with  CH4-H.  gases  has  been  employed  to 
prepare  stripes  with  dimensions  of  about  1  yarn 
and  with  ani.sotropic  as  well  as  isotropic  etched 
profiles.  It  has  been  found,  that  HgTc  grow  with 
a  reduced  growth  rate  anisotropy  because  of  the 
low  mobility  of  the  rate  determining  Te  adatoms 
at  substrate  temperatures  of  180°C.  A  significant 
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anisotropic  behavior  of  the  growth  rate  is  influ¬ 
enced  only  by  the  geometry  of  the  facets  and 
planes  which  form  the  initial  surface.  On  the 
other  hand,  the  selectivity  of  the  epitaxial  over¬ 
growth  of  Hg  compounds  is  rather  high,  due  to 
the  strong  orientation  dependence  of  the  Hg 
sticking  coefficient.  The  initial  width  of  the  sub¬ 
strate  stripes  can  be  reduced  by  HgTe  selected 
area  overgrowth  and  opens  the  po.ssibility  of  di¬ 
rectly  preparing  low  dimensional  structures  dur¬ 
ing  the  epitaxial  growth  process.  It  can  be  ex¬ 
pected  that  the  crystalline  perfection  of  such 
quantum  wires  is  sufficiently  high,  because  of  the 
non-damaged  starting  surface  on  top  of  the  CdTe 
stripes.  In  comparison,  the  selected  area  over¬ 
growth  of  wide  gap  compounds,  as  demonstrated 
here  for  the  examples  of  CdTe  and  ZnTe  over¬ 
growth.  can  be  carried  out  with  kinctically  deter¬ 
mined  growth  rate  ani.sotropy,  provided  that  the 
substrate  temperature  is  not  lower  than  22()°C, 
the  starting  substrate  surface  consists  of 
anisotropically  etched  low  index  planes  and  the 
growth  rate  in  the  [100]  direction  docs  not  exceed 
0.6  ^m/h.  It  has  been  found  that  the  epitaxial 
overgrowth  of  HgTe  and  CdTe  starts  with  the 
formation  of  [111)  facets  of  different  polarity. 
The  reasons  are  unknown  at  the  present;  how¬ 
ever.  experimental  investigations  using  transmis¬ 
sion  electron  microscopy  have  been  started. 
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Abstract 

With  He-Cd  laser  irradiation  during  MBE  growth  of  ZnSe  at  25()°C.  the  density  of  hillocks  of  epilaycrs  wiis 
reduced  from  10'’  to  lO'*  cm  The  critical  thickness  was  extended  and  the  intensities  of  free-cxciton  emissions  were 
remarkably  increased.  These  results  can  be  explained  by  the  migration  of  surface  adatoms  being  enhanced  by  the 
irradiation.  Chopped  irradiation  was  used  during  growth  and  it  was  revealed  that  the  effects  persisted  at  least  .'i  ms 
after  the  light  was  turned  off.  which  suggests  that  the  change  in  the  charge  state  of  the  surface  which  causes  the 
change  of  the  behavior  of  the  adatoms  during  irradiation  endures  for  a  long  time  after  the  light  is  turned  off. 


I.  Introduction 

We  have  studied  photoassisted  molecular  beam 
epitaxial  (MBE)  growth  of  ZnS,Sc,..,  [1-5]. 
Crystalline  quality  improvement  [1]  and  low-tem¬ 
perature  epitaxial  growth  at  15()°C  [2]  in  ZnSe  are 
already  established  by  this  method.  The  desorp¬ 
tion  of  adsorbed  atoms  in  photoassisted  MBE  of 
ZnSe  was  reported  by  several  researchers  [6.7]. 
These  effects  arc  attributed  to  weak  adsorption 
forces  due  to  the  excess  carriers  photogencrated 
in  the  epilayer  [.5].  In  these  previous  studies, 
continuous  illumination  was  used  and  the  thick¬ 
nesses  of  the  epilaycrs  were  about  2  ^m.  In  this 
study,  the  change  in  the  crystallinity  of  ZnSe 
epilaycrs  was  investigated  when  the  epilayer 
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thickness  or  the  chopping  frequency  of  the  irradi¬ 
ation  light  was  varied,  which  can  give  informalittn 
on  the  behavior  of  surface  adatoms  and  the  dura¬ 
tion  time  of  the  light-irradiation  effects. 


2.  Experimental  procedure 

ZnSe  epilaycrs  were  grown  on  GaAsfKM))  sub¬ 
strates  by  photoassisted  MBE.  6N  Zn  and  6N  Se 
were  used  as  source  materials.  The  molecular 
beam  intensity  ratio  of  the  group  VI  element  to 
the  group  M  element  ratio)  was  usually 

2.  In  the  study  r)f  Jy  ,/Ju  ratio  dependence,  the 
ratio  was  changed  from  unity  to  2.  The  substrate 
temperature  was  25()°C  and  the  growth  rate  was 
about  0.5  /rm/h.  The  epilayer  thicknesses  were 
varied  by  the  growth  time.  A  He-Cd  laser  (441.6 
nm,  ~  2.''()  mW/cm‘)  was  used  as  an  irradiation 
source.  Both  irradiated  and  unirradiated  epilay- 
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ers  were  obtained  in  a  single  growth  run  because 
the  laser  beam,  with  a  diameter  of  5  mm,  irradi¬ 
ated  only  part  of  the  substrate.  Continuous  irradi¬ 
ation  was  used  in  the  experiments  of  the  epi- 
layer-thickness  dependence.  The  chopping  fre¬ 
quencies  with  a  duty  cycle  ratio  of  SOCf  were 
varied  from  1  Hz  to  20  kHz  by  using  an  optical 
chopper  (Scitec  Instruments,  30()CD). 

The  lattice  constants  normal  to  the  epilayer 
surface  were  determined  by  X-ray  diffraction, 
and  the  lattice  deformation  and  relaxation  were 
examined.  The  epilayers  were  characterized  by 
photoluminescence  at  II  K.  The  exciting  light 
was  a  365  nm  line  from  an  ultrahigh-prcssure  Hg 
lamp. 


3.  Results  and  discussion 
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.1 1.  Thickness  dependence  of  the  irradiation  effects 

Tig.  J  show.s  the  surface  morphologies  of  unir¬ 
radiated  (Fig.  la)  and  irradiated  (Fig.  lb)  epilay¬ 
ers  with  thicknc.sses  of  about  2  /xm.  Many  pyra¬ 
midal  hillocks  with  a  basal  planes  with  <011) 
oriented  sides  are  ob.servcd  in  the  unirradiated 
epilayers.  The  density  is  of  the  order  of  lO" 
cm  \  The  density  increased  with  increasing  the 
epilayer  thickness.  With  laser  irradiation,  the 
density  is  remarkably  decrea.sed  to  the  order  of 
10^  cm  .  It  is  considered  that  the  hillocks  are 
the  result  of  three-dimensional  nucleation  cau.sed 
by  the  insufficient  migration  of  adatoms,  because 
the  substrate  temperature  of  25()°C'  is  clo.se  to  a 
critical  temperature  for  epitaxial  growth  without 


Fig  I.  Siirhice  niiirphulogii;'.  ol  unirnidiiilcd  ta)  and  irradi¬ 
ated  (h)  epilayers  grown  at  with  thicknesses  of  ahoul  2 

pm.  Marker  represents  21)  pm. 


irradiation  [4].  The  reason  why  the  density  de¬ 
creases  with  irradiation  is  that  the  enhancement 
of  the  migration  of  the  surface  adatoms  by  the 
irradiation  leads  to  the  enhancement  of  iwi)-di- 
mensional  growth. 

!-ig.  2  shi'ws  the  thickness  dependence  of  the 
lattice  constants  normal  to  the  epilayer  surface 
(<)  ).  The  critical  thickness  of  the  unirradiated 
epilayer  is  about  0.2  /urn.  With  laser  irradiation, 
the  critical  thickness  is  extended  to  about  0.35 
/xm.  The  lattice  relaxation  may  be  enhanced  in 
the  unirradiated  part  by  a  coexistence  of  inhomo¬ 
geneous  tensile  and  compressive  strain  which  is 
induced  by  three-dimensional  growth.  With  laser 
irradiation,  as  mentioned  above,  two-dimensional 
growth  is  enhanced,  and  as  a  result,  the  critical 
thickness  is  extended.  The  critical  thickness  is 
large  compared  to  the  generally  accepted  value 
(  "  0.15  fxm).  The  reason  is  not  clear  at  this  stage. 
But  we  consider  that  the  growth  condition  of 
ivi/-^ii  FitOf'  -  ynd  a  low  growth  temperature 
of  250°C  may  be  responsible. 

Fig.  3  shows  the  thickness  dependence  of  the 
inten.sities  of  the  free  exciton  emissions  in  the 
photoluminescence  spectra.  In  the  unirradiated 
epilayers,  the  intensities  increase  with  increasing 
the  thickness  and  saturate  at  0.6  pm.  It  is  consid- 
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ored  th;it  the  saturation  is  related  to  the  ervs- 
tallinity  remaining  eonstant  beyond  the  thiekness 
ot  (l.fi  ^m  and  the  small  penetration  depth  of  the 
exeitmg  light  nml,  that  is.  the  thickness  of 
ZnSe  whieh  gives  photolumineseenee  is  eonsid- 
ered  to  he  smaller  than  0.6  ^im.  Intensities  in  the 
irradiated  epilayers  are  larger  than  those  in  unir- 
radialed  epilayers  and  this  effeet  beeomes  re¬ 
markably  large  with  inereasing  the  epilayer  thick¬ 
ness,  I'he  intensities  are  as  strong  as  those  in 
unirradiated  e|)ilayers  griiwn  under  an  optimum 
growth  temperature  of  ,^4()‘'('.  I'he  increase  due 
to  the  irradiiition  is  attributed  to  the  improve¬ 
ment  of  the  erystallinity  of  the  epilayers.  that  is. 
reduction  in  the  density  of  non-radiative  recombi¬ 
nation  centers.  The  intensities  do  not  saturate  at 
a  thickness  above  (1.6  gtm  hut  increase  almost 
linearly  with  increasing  the  thickness  up  to  about 
2  jum.  This  indicates  that  the  quality  of  the 
surface  region  of  the  epilayer  is  improving  more 
and  more  with  increasing  Ihe  thickness.  Such 
improvement  is  attributed  to  the  enhanced  migra¬ 
tion  which  is  similar  to  that  at  a  substrate  temper¬ 
ature  of  .^40  ('  and  to  the  increase  in  Ihe  total 
number  of  the  photogenerated  carriers  wfjth  in¬ 
creasing  thickness.  The  penetration  depth  of  the 
irradiating  light  is  larger  than  that  of  the  exciting 
light  in  photoluminescence  measurements  be¬ 


cause  the  photon  energy  (2.807  eV)  of  a  He-C'd 
laser  is  close  to  the  bandgap  energy  of  ZnSe. 

In  our  previous  study,  we  clarified  that 
physisorbed  atoms  desorb  by  light  irradiation  and 
that  the  effective  i/y,,  ratio  decreases  with  the 
irradiation  [4];  for  example,  the  ratio  beeomes  1.6 
in  the  irradiated  part  when  the  beam  with  a 
ratio  of  2  is  supplied  at  a  substrate  tem¬ 
perature  of  2.8()°C.  Therefore,  samples  with  vari¬ 
ous  ratios  were  grown  in  order  to  investi¬ 

gate  whether  the  change  in  the  effective 
ratio  by  the  irradiation  is  the  origin  or  not  of  the 
improvement  of  the  crystalline  quality  and  of  the 
reduction  in  the  density  of  hillocks.  As  a  result, 
the  intensity  of  free-exciton  emission  beeame  a 
maximum  at  a  ratio  around  l..s  in  ibe 

unirradiated  epilayers.  However,  with  laser  irra¬ 
diation  the  intensities  were  larger  than  that  in  the 
unirradiated  epilayers  at  every  ratio  stud¬ 

ied.  especially  at  a  ./m/^h  ratio  around  unity 
where  the  intensity  of  the  unirradiated  epilayer 
drastically  decreased,  the  intensity  increased  by 
several  I'rders  of  magnitude  with  irradiation  in 
spite  of  the  less  favorable  (Zn-rich)  ratio. 

The  density  of  hillocks  on  Ihe  unirradiated  epi¬ 
layers  is  reduced  to  Ihe  order  of  1(1'  em  ■  by 
setting  the  ratio  to  1.6.  But  the  densities 

can  be  reduced  further  to  the  order  of  Id'’  em  ’ 
by  the  irradiation  at  all  ratios  studied. 

These  results  indicate  that  the  quality  improve¬ 
ment  by  the  irradiation  in  Figs.  I  and  ?<  cannot  be 
explained  by  the  decrease  in  Ihe  effective  ./\|,'7|| 
ratio.  The  migration  enhancement  of  surface 
adatoms  is  really  caused  by  the  irradiation. 

3.2.  Choppini’-frviHicncy  dcpmdcncc  of  the  trniditi- 
lion  cffl'i  ls 

Fig.  4  shows  the  chopping-frequeney  depen¬ 
dence  of  lattice  constants  («  ).  The  epilayer 
thicknesses  in  this  study  were  about  ()..7  /am.  As 
shown  in  Fig.  2,  the  epilayer  with  continuous 
irradiation  grows  coherently  and  the  epilayer 
without  irradiation  partially  relaxes  («  =  .8.68  A) 
at  this  thickness.  The  a  value  of  the  epilayer 
with  a  chopping  frequency  of  I  Hz  is  the  same  as 
the  unirradiated  epilayer.  that  is.  no  irradiation 
effect  is  observed  at  this  frequency.  At  a  chop 
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ping  frequency  abtive  10  Hz.  the  epilaycrs  grow 
coherently,  that  is.  the  irradiation  effect  appears 
clearly.  At  a  frequency  of  lO"*  Hz  the  epilayer 
partially  relaxes.  This  is  not  clear  at  this  stage. 
Htnvever.  we  do  not  consider  that  the  irradiation 
effects  on  the  epila>er  is  weak,  because,  as  is 
shown  in  Fig.  the  intensity  ratio  of  free  exciton 
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t  ig.  (  hopping-ircquency  dependence  of  the  intensity  ratios 
of  the  tree-excilon  emissiiins  of  the  irradiated  and  the  iinirra- 
dialed  epilayer 


emission  is  similar  to  the  values  ol  the  other 
epilayers  at  a  frequency  above  lO’  Hz. 

Fig.  3  shows  the  chopping-frequency  depen¬ 
dence  of  the  intensity  ratitis  of  the  free-exciton 
emissions  of  the  irradiated  and  the  unirradialed 
epilayer.  The  ratio  is  unity  at  a  chopping  fre¬ 
quency  of  1  and  10  Hz.  At  a  frequency  above  100 
Hz.  the  ratios  are  about  2.3.  that  is.  the  irradia¬ 
tion  effect  is  observed  though  the  ratios  do  not 
reach  the  value  with  the  continuous  irradiation 
(al)out  4.1).  The  difference  in  the  critical  fre¬ 
quency  in  Figs.  4  and  3  shows  that  the  photolumi¬ 
nescence  is  a  more  sensitive  measure  than  the 
lattice  constant  for  characterizing  crystalline  qual¬ 
ity.  We  can  say  that  the  light-irradiation  effects 
last  at  least  3  ms  after  the  light  is  turned  off. 

We  previously  clarified  that  photons  with  ener¬ 
gies  larger  than  the  bandgap  of  the  epilayers  and 
both  photogenerated  electrons  and  holes  are  re¬ 
sponsible  for  the  light-irradiation  effects  [.'.3]. 
and  proposed  a  selective  charge-transfer  model 
of  photogenerated  carriers  to  the  chemisorbed 
atoms  [3].  Ninv  we  discuss  this  long  duration  time 
of  the  effects  based  on  the  model.  The  lifetime  of 
photogenerated  carriers  in  the  Zn.Se  bulk  is  re¬ 
ported  to  be  S3  ps  [S].  which  is  much  shorter  than 
this  duration  time.  Therefore,  the  bulk  carrier 
lifetime  does  not  determine  the  long  duration 
time.  We  have  to  consider  the  behavior  of  carri¬ 
ers  at  the  surface  region  of  the  epilayers.  A  (KM)) 
growing  surface  consists  of  both  Zn  and  Se  ex¬ 
posed  atoms.  If  photogenerated  electrons  trans¬ 
fer  selectively  to  the  uppermost  chemisorbed  Zn 
atoms,  and  holes  to  the  uppermost  ehemisorbed 
Sc  atoms,  electrons  and  holes  separate  spatially. 
In  this  situation,  the  modified  charge  state  of  the 
surface  atoms  may  last  for  ;i  long  time  after  ihe 
light  is  turned  off  because  of  the  difficulty  in 
recombination  of  those  carriers.  Fhe  modified 
charge  state  may  reduce  the  adsorption  forces  of 
physisorbed  atoms,  which  enhances  the  desorp¬ 
tion  and  migration  of  the  adatoms. 


4.  Conclusion 

The  surface  morphologies  of  the  epilayers  were 
improved  and  the  critical  thickness  was  increased 
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by  the  light  irradiation.  The  crystallinity  of  the 
growing  surface  was  improved  by  continuous  irra¬ 
diation  with  increasing  cpilaycr  thickness,  judging 
from  the  fact  that  the  free  exciton-emission  inten¬ 
sities  were  increased.  It  was  shown  that  these 
improvements  due  to  the  irradiation  cannot  be 
explained  by  the  decrease  in  the  effective 
ratio,  but  can  be  explained  by  the  migration  en¬ 
hancement  of  the  surface  adatoms  by  the  irradia¬ 
tion.  It  was  shown  by  choppcd-light  irradiation 
that  the  light-irradiation  effects  last  at  least  5  ms 
after  the  light  is  turned  off.  This  long  duration  of 
the  effects  suggests  that  the  change  in  the  charge 
state  of  the  surface  due  to  the  selective  transfer 
of  photogenerated  carriers  endures  for  a  long 
time  after  the  light  is  turned  off. 
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Abstract 

Thermally  pre -cracked  diethylzinc  and  diethylseicnide  were  used  for  the  metalorganic  molecular  beam  epitaxial 
growth  of  (001)  ZnSe  films  on  (001)  GaAs  substrates.  The  growth  kineties  of  (001)  ZnSe  was  studied  by  measuring 
the  growth  rate  as  a  function  of  the  substrate  temperature  and  the  II/VI  Dux  ratio.  Arrhenius  plot  of  the  Se-limited 
growth  rate  indicated  an  aetivation  energy  of  0.08  eV  for  the  desorption  of  the  Se  species  using  Se  and  Se-  species 
for  ZnSe  growth.  Triallylamine.  allylamine.  tertiary-butylamine  and  ammonia  were  evaluated  as  sources  for  the  N 
doping  of  ZnSe.  Secondary  ion  mass  spectrometry  measurements  were  used  to  determine  the  impurity  concentra¬ 
tions.  When  the  amines  were  pre-eracked  in  the  cracker  cell.  N  concentrations  in  excess  of  I  x  10 cm  '  were 
incorporated  in  films  grown  at  <  225°C.  The  N  concentration  decreased  sharply  with  increased  substrate  tempera¬ 
ture.  Large  concentrations  of  C  and  H  were  measured  in  films  doped  using  the  amines,  and  correlated  with  N 
concentrations;  with  ammonia,  high  H  concentrations  were  observed  and  also  correlated  with  the  N  concentration. 


1.  Introduction 

The  successful  p-type  doping  of  ZnSe  has  re¬ 
sulted  in  the  development  of  light  emitters  oper¬ 
ating  in  the  blue  region  of  the  visible  spectrum. 
This  advancement  has  been  possible  due  to  the 
incorporation  of  electrically  active  nitrogen  atoms 
in  the  ZnSe  lattice  using  a  nitrogen  plasma  source 
during  molecular  beam  epitaxy  (MBE)  [1-3]. 
Other  vapor  phase  epitaxial  growth  techniques 
such  as  metalorganic  chemical  vapor  deposition 
(MOeVD)  and  metalorganic  molecular  beam 
epitaxy  (MOMBE)  have  also  been  used  to  investi¬ 
gate  p-type  doping  of  ZnSe  and  related  wide 
band-gap  materials  [6.7].  The  MOMBE  growth 
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kinetics  of  ((M)l)  ZnSe.  determined  by  measuring 
the  growth  rate  as  a  function  of  the  growth  pa¬ 
rameters  such  as  the  11/ VI  tlux  ratio  and  the 
substrate  temperature,  is  reported  here.  Informa¬ 
tion  obtained  from  the  growth  kinetics  was  used 
to  identify  the  optimal  growth  conditions  for  ((K)l ) 
ZnSe  and  to  determine  the  desorption  activation 
energy  of  the  Se  species.  In  MOMBE.  the  gas 
phase  source  materials  are  directed  through  ther¬ 
mal  cracker  cells  before  they  are  incident  on  the 
grow'th  surface.  The  source  materials  can  be  ei¬ 
ther  allowed  to  decompose  on  the  growth  surface, 
or  pre-cracked  in  the  cracker  cell  before  inci¬ 
dence  on  the  substrate  surface.  This  provides  an 
additional  degree  of  flexibility  for  the  decomposi¬ 
tion  of  the  dopant  source  material  for  the  incor¬ 
poration  of  the  dopant  impurities  in  the  host 
lattice.  Both  pre-cracked  and  surface-cracked 
modes  were  utilized  to  investigate  four  different 
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nitrogen  compounds,  triallylamine,  allylamine, 
tertiary-butylamine  and  ammonia  for  N  doping  of 
ZnSe  layers.  The  concentrations  of  nitrogen  and 
other  potential  contaminants  incorporated  in 
ZnSe,  and  their  dependence  on  the  dopant 
cracker  cell  temperature  and  the  substrate  tem¬ 
perature  is  reported. 


2.  Experimental  procedure 

The  experiments  were  conducted  in  a  custom 
Vacuum  Generators  MOMBE  system  [8]  equip¬ 
ped  with  separate  cracker  cells  for  the  group  II, 
VI  and  the  nitrogen  dopant  source.  The  flow 
rates  of  the  source  materials  were  controlled  by 
regulating  the  pressure  on  the  upstream  side  of 
an  orifice  attached  to  the  inlet  port  of  each 
cracker  cell.  Diethylzinc  (DEZn)  and  diethylse- 
lenide  (DESe)  were  pre-cracked  at  800  and  900°C, 
respectively,  and  the  ZnSe  films  were  deposited 
on  (001)  GaAs  substrates.  The  system  was 
equipped  with  a  quadrupole  mass  spectrometer 
(QMS)  that  could  be  moved  via  a  translation 
stage  to  the  substrate  position.  In  this  line-of-site 
geometry,  the  QMS  could  sample  the  flux  directly 
incident  on  the  substrate,  prior  to  any  collision  or 
recombination  at  the  surrounding  liquid-nitrogen 
cooled  panels.  QMS  measurements  determined 
that  DEZn  decomposed  at  8(K)°C  in  the  group  II 
cracker  cell  to  produce  Zn  and  hydrocarbon  frag¬ 
ments.  and  DESe  decomposed  in  the  group  VI 
cracked  cell  to  produce  Se,  Se2  and  hydrocarbon 
fragments.  There  was  no  detectable  polyatomic 
selenium  species,  Se„  (n>  2)  even  when  the  QMS 
mass  resolution  was  reduced  to  maximize  sensitiv¬ 
ity,  for  ionization  energies  between  10  and  70  eV. 
Furthermore,  monomer  Se  was  detected  when 
the  ionization  energy  of  the  QMS  was  reduced  to 
10  eV,  which  was  less  than  the  energy  required  to 
fragment  Se,.  Thus  the  Se-species  consisted  ex¬ 
clusively  of  Se  and  Se,  which  is  in  contrast  to  the 
Se„  (n  =  2,  .1,  5,  6,  7,  8)  species  produced  during 
thermal  evaporation  of  elemental  Se  from  a  con¬ 
ventional  MBE  effusion  cell  [9].  Details  of  the 
dependence  of  the  Se^  QMS  signal  on  the  ion¬ 
ization  energy  will  be  reported  elsewhere  [10], 
The  dopant  cracker  cell  was  operated  over  a 


range  of  temperatures  in  order  to  study  the  effect 
of  pre-cracking  the  nitrogen  compounds  on  the 
incorporation  of  nitrogen  in  the  ZnSe  films. 

3.  Results  and  discussion 

3.1.  MOMBE  growth  kinetics  of  (001)  ZnSe 

It  has  been  shown  that  the  Il/VI  flux  ratio  of 
the  growth  species  has  a  profound  influence  on 
the  structural  and  optical  properties  of  the  de¬ 
posited  films  [11].  Studies  of  the  growth  kinetics 
can  provide  information  about  the  stoichiometry 
of  the  growth  surface,  as  well  as  the  sticking 
coefficient  and  de.sorption  activation  energies  of 
the  constituent  elements.  Thus  information  ob¬ 
tained  from  the  growth  kinetics  can  be  utilized  to 
optimize  the  growth  conditions  to  obtain  high 
quality  material.  The  MOMBE  growth  kinetics  of 
ZnSe  were  determined  by  measuring  the  growth 
rate  of  the  film  as  a  function  of  the  substrate 
temperature  and  the  11/ VI  flux  ratio.  Growth 
rates  were  determined  in  situ  from  RHEED  in¬ 
tensity  oscillations.  The  electron  gun  was  oper¬ 
ated  at  an  acceleration  potential  of  10  keV  and  a 
filament  current  of  2  A,  producing  an  emission 
current  of  2  mA.  It  has  been  reported  that  the 
electron  beam  used  for  RHEED  analysis  can 
stimulate  the  desorption  of  Se  species  from  ZnSe 
via  a  thermally  activated  process  [12,13].  To  eval¬ 
uate  the  extent  of  the  electron  stimulated  desorp¬ 
tion,  ZnSe  growth  rates  were  also  determined 
from  in-situ  time  resolved  reflectivity  (TRR)  mea¬ 
surements  using  a  HeNe  laser  (A  =632.8  nm). 
and  compared  with  values  obtained  from  RHEED 
oscillation  measurements.  In  TRR  measurements 
the  interference  of  the  laser  beam  reflected  from 
the  substrate-film  and  the  film-vacuum  inter¬ 
faces  results  in  the  temporal  variation  of  the 
reflected  intensity,  with  a  peak-to-peak  .separa¬ 
tion  corresponding  to  a  film  thickness  of  A/2« 
(for  normal  incidence),  where  n  is  the  refractive 
index  of  ZnSe  at  the  growth  temperature  [14]. 
The  uncertainty  in  the  growth  rates  determined 
by  either  of  these  techniques  is  <  ±5Sy.  Growth 
rates  determined  by  TRR  measurements  were 
.‘>-10%  higher  than  those  evaluated  from  RHEED 
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intensity  oscillation  measurements.  This  corre¬ 
sponded  to  a  reduction  of  the  growth  rate  due  to 
electron  beam  stimulated  desorption  of  <  0.07 
/cm/h.  Farrell  et  al.  had  reported  that  a  static  Se 
stabilized  (2x1)  surface  reconstruction  reverts  to 
the  unreconstructed  .surface,  and  this  transition  is 
accelerated  in  portions  of  the  sample  exposed  to 
the  electron  beam  [12].  However,  we  could  not 
observe  the  same  enhancement  of  the  transition 
upon  repo.sition  the  electron  beam  on  different 
parts  of  the  sample.  Furthermore,  the  maximum 
growth  rate  reduction  of  0.07  fim/h  observed 
here  is  far  smaller  than  the  0.4  /am/h  reduction 
observed  during  MBE  growth  by  Farrell  et  al. 
[12].  Thus  for  the  operating  conditions  of  the 
electron  gun,  and  for  the  Se  and  Se,  group  VI 
species  employed  in  our  experiments,  we  find 
that  the  electron  stimulated  desorption  was  mini¬ 
mal.  Thus  growth  rates  determined  from  the 
RHEED  intensity  oscillations  were  used  to  study 
the  growth  kinetics,  which  provides  .semi-quanti¬ 
tative  and  qualitative  information  regarding  the 
dependence  of  the  surface  stoichiometry  on  the 


Il/Vl  flux  ratio.  However,  for  the  calculations  of 
the  desorption  activation  energy,  where  the  abso¬ 
lute  values  of  the  growth  rates  are  required, 
supporting  TRR  measurements  were  also  used. 

The  growth  rate  of  (001)  ZnSe  was  measured 
as  a  function  of  the  Il/Vl  flux  ratio  by  keeping 
the  upstream  pressure  of  DESe  (Fi,,,^,.)  fixed, 
and  varying  PoEZn-  T^he  growth  rate  measure¬ 
ments  were  performed  for  substrate  temperatures 
between  275  and  .^75°C,  and  the  results  are  illus¬ 
trated  in  Fig.  1.  RHEED  intensity  oscillations 
measurements  were  performed  after  the  go  h 
of  =  2  fim  of  ZnSe  on  the  (001)  GaAs  substi 
and  were  observed  over  a  wide  range  of  growth 
conditions.  The  symbols  represent  growth  rates 
determined  from  RHEED  oscillations  and  the 
solid  lines  .serve  to  guide  the  eye.  For  a  fixed 
^Dfc.sc-  the  growth  rate  increased  monotonically 
with  increasing  P[-,py„.  and  saturated  at  a  maxi¬ 
mum  value.  The  saturated  maximum  growth  rate 
decreased  .systematically  with  increa.sing  substrate 
temperature.  In  the  Se-limited  (Zn-saturated) 
regime  the  maximum  growth  rate  is  determined 


Fig.  1.  The  growth  rale  of  (OtII)  ZnSe  as  a  function  of  the  DF.Zn  upstream  pressure  anil  the  substrate  temperature.  The  points 
represent  growth  rates  determined  from  RHEF.D  oscillation  measurements,  and  the  lines  serve  to  guide  the  eve.  The  inset  shows 
the  Arrhenius  plots  of  the  growth  rates  determined  from  RHEED  and  TRR  measureinenis  under  Se-limited  growth  conditions. 
The  slopes  indicate  an  average  activation  energy  of  O.US  eV  for  desorption  of  the  Sc  species. 
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by  the  re-evaporation  rate  of  the  Se-species.  Thus 
the  temoerature  dependence  of  the  Se-limited 
growth  rates  are  indicative  of  the  desorption  ki¬ 
netics  of  the  growth  rate  limiting  Se  species. 

(001)  ZnSe  growth  rates  in  the  Se-limited 
(Zn-saturated)  regime  were  measured  for  sub¬ 
strate  temperatures  between  275  and  375°C,  us¬ 
ing  Tnpzn  higher  than  that  shown  in  Fig.  1,  to 
ensure  saturation  of  the  growth  rate.  Arrhenius 
plots  of  these  growth  rates  determined  from 
RHEED  and  TRR  measurements  are  shown  in 
the  inset  of  Fig.  1  The  slopes  of  the  best-fit 
straight  lines  are  approximately  the  same  and 
yield  an  average  activation  energy  of  0.08  eV. 
This  value  is  more  than  a  factor  of  10  lower  than 
that  reported  for  the  desorption  of  Sc  from  a 
static  ZnSe  surface  by  Cornelissen  et  al.  [15]  (1.2 
eV)  and  Ohishi  et  al.  [13]  (  <  1.23  cV).  and  values 
measured  for  desorption  from  the  surface  during 
growth  by  Zhu  et  al.  (O.vO)  eV  [16].  However, 
these  values  reported  in  the  literature  arc  for  the 
MBE  process  employing  the  polyatomic  Se„  in  > 
2)  species.  It  appears  that  the  low  desorption 
activation  energy  measured  in  this  sti  Jy  is  re¬ 
lated  to  the  Sc  species,  which  in  this  case,  con¬ 
sisted  exclusively  of  Se  and  Sc..  It  should  be 
noted  that  measurements  on  a  static  surface  cor¬ 
respond  to  the  desorption  of  Se  species  from  a 
ZnSe  surface  initially  stabilized  with  Sc.  as  indi¬ 
cated  by  the  (2x1)  surface  reconstruction.  How¬ 
ever.  the  values  reported  here  are  those  mea¬ 
sured  during  film  growth,  corresponding  to  the 
desorption  of  Se  species  from  a  Zn-stabilized 
surface  as  inferred  from  the  c(2  X  2)  surface  re¬ 
construction.  and  the  growth  rate  curves  which 
indicated  Se-limited  growth.  However,  in  a  recent 
study  of  the  desorption  of  Te  from  the  C'dTe 
surface  during  MOM  BE  growth.  Benz  et  al.  mea¬ 
sured  activation  energies  more  than  a  factor  of  l(» 
lower  than  that  measured  for  a  static  C’dTe  sur¬ 
face.  a  result  attributed  to  low  binding  energy 
precursor  states  of  the  Te  species  [17]. 

In  general,  the  crystalline  quality  of  an  epitax¬ 
ial  layer  is  best  when  growth  is  performed  under 
near-stoichiometrie  conditions  that  require  mini¬ 
mal  re-evaporation  of  the  excess  species  incident 
on  the  surface.  Achieving  this  condition  requires 
the  optimization  of  the  II/VI  flux  ratio  at  a  given 


growth  temperature.  As  shown  in  Fig.  I.  for  a 
fixed  PijFSf  rate  increased  with  in¬ 

creasing  Pm/n-  and  saturated  with  a  further 
increase  in  corresponding  to  near-stoichio- 

metric  growth  conditions.  The  near  stoichiomet¬ 
ric  growth  conditions  were  hosen  as  the  initial 
growth  parameters.  Films  deposited  under  Se- 
stabilized  growth  conditions  which  exhibited  the 
(2  X  1 )  Se  reconstruction  had  the  best  .r-ray  rock¬ 
ing  curves.  Films  of  2-3  tj.m  thickness  deposited 
on  GaAs  substrates  at  temperatures  between  32.^ 
and  225°C  exhibited  X-ray  full  widths  at  half  the 
intensity  maximum  (FWHM)  of  170-220  arc  sec. 
which  compared  favorably  with  values  reported  in 
the  literature.  Single  crystalline  films  were  de¬ 
posited  at  temperatures  as  low  as  15(I‘'C'.  results 
similar  to  that  obtained  by  using  a  Se  cracker  cell 
in  MBE  growth  [9.18]. 

3.2.  Nilrofii-n  dopiiif’  of  100])  Zn.Sc 

Nitrogen  doping  of  ZnSe  using  a  plasma  nitro¬ 
gen  source  has  been  the  most  successful  means  of 
realizing  low  resistivity  p-tvpe  ZnSe.  looping  in 
MOMBE  using  gas  sources  such  as  ammonia  and 
t-butylamine  has  also  showed  promise  [10.20]. 
Here  we  present  the  first  studies  on  N  doping 
using  triallylamine  ((H  .C  =  CHCH  .)-,N.  BP  = 
1.50°C)  allylamine  (H.C  CHCH.NH,.  BP  = 
5.3“C).  as  well  as  t-but\lamine  ((C'H . ).( -NH -. 
BP  =  46°C)  and  ammonia  (NH-.).  Hoke  el  al. 
have  reported  that  delocalization  of  the  elec¬ 
tronic  charge  in  a  parent  molecule  enhances  the 
formation  of  stable  decomposition  products 
thereby  reducing  the  energy  required  for  decom¬ 
position  [21].  Fhe  delocalization  effect  is  signifi¬ 
cant  in  compounds  with  one  or  more  carbon- 
carbon  double  bonds.  Thus  as  the  allyl  rtidictil  is 
relatively  stable,  tria'iyiaminc  ;md  allylamine  were 
anticipated  to  decompose  at  lower  temperatures 
than  that  required  to  decompose  NH,.  Nitrogen 
incorporation  in  ZnSe  v'as  investigated  by  utiliz¬ 
ing  thermally  pre-cracked  dopant  sources  and 
also  by  allowing  decomposition  on  the  growth 
surface.  Nitt  '  .'ii  incorporatitm  was  studied  as  ;i 
function  of  the  dopant  cracker  cell  temperature 
and  the  substrate  temperature.  A  detailed 
quadrupole  mass  spectrometric  study  of  the  py- 
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rolysis  process  will  be  reported  elsewhere  [22]. 
Secondary  ion  mass  spectrometric  (SIMS)  mea¬ 
surements  were  performed  to  determine  the  con¬ 
centrations  of  potential  contaminants  in  the  films. 
The  detection  limit  of  H,  C,  O  and  N  in  the  films 
is  =  X  10'^  cm  and  is  limited  by  the  pres¬ 
ence  of  these  elements  in  the  SIMS  ambient.  The 
absolute  concentration  of  N  in  the  films  was 
referenced  to  a  N  implanted  sample.  It  has  been 
reported  that  the  presence  of  high  levels  of  C 
that  can  be  incorporated  in  ZnSe  films  grown  by 
MOeVD  affect  the  structural,  optical  and  electri¬ 
cal  properties  of  the  films  [2.')].  However.  SIMS 
evaluation  of  undoped  ZnSe  films  grown  by 
MOM  BE  indicated  that  the  concentrations  of  C 
and  O  were  below  the  detection  limit,  fhe  varia¬ 
tion  of  N.  H.  C  and  O  concentrations  in  the 
doped  films  with  the  growth  conditions  is  dis¬ 
cussed. 

3.2.1.  Nitrogen  Jopitif;  triallxiaminc  <HX'= 

c7/c/y_j,.\' 

Ouadrupole  mass  spectrometiy  studies  were 
undertaken  to  study  the  cracker  cell  temperature 


dependence  of  the  pyrolysis  products.  Friallyl- 
amine  decomposed  in  the  cracker  cell  at  temper¬ 
atures  in  e.xcess  of  7()()°C.  Due  to  the  large  hydro¬ 
carbon  background  in  the  MOMBE  chamber  it 
was  not  possible  to  determine  idl  the  pyrolysis 
products,  but  no  N  or  N-  fragments  were  de¬ 
tected.  The  use  of  triallylamine  as  a  dopant  source 
for  N  doping  of  ZnSe  was  investigated  at  sub¬ 
strate  temperatures  of  225  and  325“C.  and  for 
dopant  cracker  cell  temperatures  of  2.s(f(' 
(without  pre-cracking  the  dopant  source).  700. 
SOO  and  0()0‘’C.  The  SIMS  depth  profile  of  a 
doped  ZnSe  film  grown  at  225"C  for  tracker  cell 
temperatures  of  700.  SOO  and  W(t"C  is  shown  in 
Fig.  2.  The  concentration  of  N  in  the  doped 
portions  of  the  sample  was  =  1  X  10''  cm  '.  and 
was  constant  when  the  cracker  cell  was  operated 
above  7()()°C.  In  addition,  the  concentrations  of  H 
and  C  were  .7  x  lO'*'  and  1  x  10''  cm  '.  respec¬ 
tively.  in  the  doped  region.  For  the  same  dop.iiit 
flow  rate,  iind  cracker  cell  temperature,  films 
grown  at  .72,5'C'  have  N.  H  and  C.  levels.  o\cr  a 
factor  of  ten  Itwcr  th;m  th;it  measured  at  the 
lower  growth  temperature.  In  contrast,  when  tri- 
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pletely  decomposed  at  7()()°C,  a  temperature  sig¬ 
nificantly  lower  than  that  required  to  decompose 
ammonia,  its  direct  incidence  on  the  growth  sur¬ 
face  (without  pre-cracking)  did  not  result  in  the 
incorporation  of  N  in  ZnSe. 

.12.2.  Nitrogen  doping  with  allykiminc  (HX'=CH- 
CH.NHJ 

Doping  studies  were  performed  over  a  range 
of  cracker  cell  temperatures  and  substrate  tem¬ 
peratures.  The  flow  rate  of  allylamine  was  ap¬ 
proximately  a  factor  of  four  higher  than  that  of 
DESe.  Ouadrupole  mass  spectrometric  studies 
indicated  that  allylamine  undergoes  nearly  com¬ 
plete  decomposition  at  a  cracker  cell  temperature 
of  'ftKTC.  NH  and  NH,  species  were  produced 
upon  pyrolysis.  The  impurity  profiles  of  a  ZnSe 
sample  doped  with  allylamine  for  cracker  cell 
temperatures  of  .100  (without  pre-cracking  the 
dopant  source).  700.  800  and  OOO'^C  at  substrate 
temperatures  of  22.1  and  .12.1°C'  is  shown  in  Fig.  .1. 
the  highest  concentration  of  N  (5  x  lO'”  cm  ') 
was  obtained  at  a  growth  temperature  of  225‘’C 
with  the  cracker  cell  operating  at  0(R)°C.  The 
concentration  of  H  in  the  film  was  approximately 


the  same  as  that  of  N.  while  the  concentration  of 
C  was  lower  by  an  order  of  magnitude.  The 
concentrations  of  N.  H  and  C  dropped  dramati¬ 
cally  with  a  decrease  in  the  cracker  cell  tempera¬ 
ture  or  an  increase  in  the  growth  temperature,  as 
shown  in  Fig.  3. 

.?.2..?.  Nitrogen  doping  using  t-hutylamine 

The  use  of  t-butylamine  as  a  dopant  source  for 
N  doping  of  ZnSe  was  investigated  over  a  sub¬ 
strate  temperature  range  of  I7.1~325°C'.  and  at 
dopant  cracker  cell  temperatures  of  2.1()°C' 
(without  pre-cracking  the  dopant  source).  700. 
8))()  and  900°C.  There  was  no  Jc:^  . -table  N  in  the 
ZnSe  films  when  t-butylamine  was  not  pre¬ 
cracked  for  ail  substrate  temperatures  investi¬ 
gated.  However,  when  thermally  pre-cracked  t- 
butylamine  was  supplied  to  the  growth  surface.  N 
concentration  in  the  film  increased  with  the 
cracker  cell  temperature,  attaining  a  N  concen¬ 
tration  of  3  X  !()''’  cm  ■ '  (at  T,  =  l7.s°C).  the  high¬ 
est  level  observed  for  this  dopant  source.  Similar 
to  the  trend  observed  with  the  other  amines, 
significant  levels  of  C  and  H  were  present  in  the 
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films.  A  SIMS  profile  of  the  impurities  as  a 
function  of  the  cracker  cell  temperature  is  shown 
in  Fig.  4.  The  maximum  N  concentration  mea¬ 
sured  at  the  growth  temperature  of  225°C  was 
7  X  lO''*  cm  ’.  These  results  are  similar  to  that 
reported  by  Zhang  and  Kobayashi  [191  when  t- 
butylamine  was  employed  for  N  doping  by  migra¬ 
tion  enhanced  epitaxy.  A  five-fold  decrease  in  the 
dopant  flow  rate  in  steps  of  =  0.2  SCCM,  from 
the  maximum  of  =  1  SCCM.  also  resulted  in  a 
decrease  in  the  impurity  concentrations  by  the 
same  degree.  The  dependence  of  the  impurity 
concentrations  on  the  dopant  flow  rates  is  indi¬ 
cated  by  the  SIMS  profiles  at  a  depth  between 
1.0  and  2.0  /am  from  the  surface. 

.?.2.4.  Nitrogen  doping  using  ammonia 

Migita  et  al.  have  demonstrated  electrolumi¬ 
nescence  in  ZnSe  diodes  which  were  doped  p-type 
using  ammonia  as  the  dopant  source  material  by 
MOMBE,  although  only  about  4^7  of  the  nitro¬ 
gen  atoms  were  electrically  active  [20].  In  those 
experiments  ammonia  was  allowed  to  dissociate 
at  growth  surface,  with  the  highest  concentration 
of  N  obtained  at  a  growth  temperature  of  350°C. 
Here  we  examine  the  effect  of  pre-cracking  am- 
mtmia  on  N  incorporation,  and  examine  the  de¬ 
pendence  of  N  and  H  incorporation  on  the 
cracker  cell  and  substrate  temperatures.  The 
pressure  of  ammonia  was  controlled  at  10.(1  Torr 
on  the  uspstream  side  of  the  cracker  cell  orifice. 
l,!nder  these  conditions,  the  ammonia  How  rate 
was  one  order  of  magnitude  higher  than  that  of 
DHSe,  and  the  pressure  in  the  MOMBE  chamber 
during  growth  was  2x  1(1  ''  Torr.  Ouadrupole 
mass  spcctromctric  analysis  indicated  that  at  the 
maximum  investigate  cracker  cell  temperature  of 
9()(PC’.  decomposition  of  NH,  was  not  complete. 
The  products  on  the  partial  pyrolysis  of  NH , 
were  N  ,  and  H  ,.  The  .SIMS  profile  of  an  ammo¬ 
nia-doped  ZnSe  film  is  shttwn  in  Fig.  .'5.  With  (he 
cracker  cell  at  .3()()°C.  pulse-doped  profiles  were 
grown  at  substrate  temperatures  of  225,  .425  and 
.475'T'.  The  highest  concentration  of  N  of  1.5  x 
10''“  cm  '  was  measured  for  a  substrate  tempera¬ 
ture  of  .425°C.  At  the  growth  temperatures  of  .475 
and  225"C'.  the  nitrogen  incorporation  levels  were 
significantly  lower,  similar  to  that  reported  by 


Migita  et  al.  [2(J].  On  operating  the  cracker  cell  at 
9(H)°C,  the  concentration  of  N  in  the  films  in¬ 
creased  by  a  order  of  magnitude,  with  a  maxi¬ 
mum  concentration  of  I  x  !()'''  cm  ‘  measured 
at  a  growth  temperature  of  225°C.  The  concen¬ 
tration  of  H  is  approximately  the  same  as  that  of 
N  on  surface  cracking  NH ,.  and  about  a  factor  of 
two  lower  than  the  nitrogen  levels  when  NH  ..  was 
thermally  pre-craeked  at  9(K)°C.  It  appears  that 
the  low  electrical  activity  observed  by  Migita  et 
al.  can  be  attributed  to  the  presence  of  H  in  the 
films.  However,  based  on  this  information,  it  is 
not  clear  if  H  is  present  as  H.  H,.  NH  or  a 
combination  of  these.  Despite  the  presence  of  H 
in  the  films,  the  5K  PL  spectrum  was  dominated 
by  the  acceptor-bound  excitonic  emission  at  2,792 
cV  [20]. 


4.  Summary 

Thermally  pre-cracked  DESe  and  DEZn  were 
used  to  grow  ((K)l)  ZnSe  films  on  (001)  GaAs 
substrates.  Analysis  of  the  pyrolysis  products  of 
the  DESe  cracker  cell  operating  at  90()°C  indi¬ 
cated  that  the  selenium  species  consisted  e.xclu- 
sively  of  Se  and  Se,.  The  growth  kinetics  of  (001 ) 
ZnSe  was  studied  my  measuring  the  dependence 
of  the  growth  rate  on  the  substrate  temperature 
and  the  II/VI  flux  ratio.  For  a  fixed  DESe  flow 
rate,  the  growth  rate  of  ZnSe  increased  linearly 
with  DEZn  flow  rate  and  saturated  to  a  maxi¬ 
mum  value,  corresponding  to  Se-limited  growth 
conditions.  High  quality  (001)  ZnSe  films  were 
deposited  on  GaAs  substrates  under  Se-stabilized 
growth  conditions.  An  Arrhenius  plot  of  the 
growth  rates  measured  by  RHEED  and  TRR 
measurements  under  Se-limited  growth  condi¬ 
tions  indicates  an  activation  energy  of  O.OH  cV'  for 
the  desorption  of  the  Se  species  during  growth. 
The  Se  growth  species  produced  upon  pyrolysis 
of  DESe.  which  consisted  exclusively  of  Se  and 
Sc,,  appear  to  account  for  the  small  desorption 
activation  energy. 

Nitrogen  doping  of  ZnSe  was  studied  using 
triallylaminc,  allylamine  t-butylamine,  and  ammo¬ 
nia  as  the  d()pant  source  material.  The  depen¬ 
dence  of  the  impurity  concentration  on  growth 
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parameters  such  as  cracker  cell  and  substrate 
temperatures  were  studied.  The  concentrations  of 
N  as  well  as  H.  C  and  O  were  measured  by  SIMS. 
N  concentration  in  excess  of  1  X  10''*  cm  '  were 
incorporated  in  the  films  when  the  sources  were 
pre-cracked  in  the  cracker  cell,  for  substrate  tem¬ 
peratures  <  225°C.  However,  large  amounts  of  C 
and  H  were  also  detected  in  the  films  doped 
using  the  amines.  Nitrogen  incorporation  from 
ammonia  was  highest  when  the  dopant  source 
was  thermally  pre-cracked  in  the  cracker  cell. 
Significant  amounts  of  H  were  al.so  incorporated 
in  the  films.  The  PL  spectrum  of  ammonia  doped 
ZnSe  films  exhibited  the  nitrogen  acceptor  bound 
c.xcitonic  emi.s.sion.  The  concentrations  of  C  and 
H  in  the  undoped  ZnSe  films  were  below  the 
SIMS  detection  limit,  but  correlated  with  the 
concentration  of  N  in  films  doped  with  the  amines. 
It  appears  that  hydrocarbon  species  per  se  were 
not  incorporated  in  the  ZnSe  films  during 
MOMBE  growth,  as  demonstrated  by  SIMS  data. 
It  is  reasonable  to  postulate  that  the  C  and  H 
observed  in  the  films  doped  with  the  amines 
result  from  incorporation  of  N-containing  hydro¬ 
carbon  products  that  are  present  due  to  incom¬ 
plete  fragmentation  upon  pyrolysis  of  the  amines. 
A  further  evaluation  of  novel  precursors  will  be 
required  to  overcome  the  C  and  H  contamination 
problem  encountered  with  the  amines  investi¬ 
gated  here. 
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Abstract 

MBE  growth  of  ZnS  and  ZnS-bascd  alloys  using  an  elemental  sulfur  source  is  reported.  The  initial  growth 
process  has  been  investigated  by  reflection  high-energy  electron  diffraction,  and  crystalline  quality  is  evaluated  by 
X-ray  rocking  curve  measurement.  It  is  shown  that  crystalline  quality  is  greatly  improved  by  using  ZnS  buffer  grown 
at  a  high  substrate  temperature.  However,  the  quality  of  ZnSSc  with  nearly  lattice-matched  eomfxrsition  is  still  not 
perfect.  The  results  arc  discussed  in  terms  of  relationship  between  growth  prtKcss  and  crystalline  quality. 


1.  Introduction 

Since  the  first  operation  of  ZnSe-based  laser 
diodes  (LDs)  have  been  reported  [1,2],  remark¬ 
able  progress  has  been  made  in  the  development 
of  blue  and  blue-green  light-emitting  devices. 

On  the  other  hand,  ultraviolet  (UV)  and/or 
near-UV  light-emitting  devices  are  attractive  as 
next  targets  because  large  readout  density  in  opti¬ 
cal  recording  will  be  achieved  by  the  use  of  shorter 
wavelength  light  [3],  So  far,  several  groups  have 
reported  U  V-light-emitting  devices  using 
ZnCdS/ZnS  multiple  quantum  wells  (MQWs)  on 
GaAs  substrates  [4]  and  GaN  .system  [5]. 

We  have  previously  proposed  ZnCdSSe/ 
ZnSSe  (ZnCdS)  quantum  well  (QW)  system  grown 
on  GaP  substrates  for  UV  and/or  near-UV 
light-emitting  devices  and  obtained  preliminary 
results  for  fabrication  of  multi-layered  structure 
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[6].  The  advantages  of  the  structures  are  as  fol¬ 
lows:  (1)  ZnCdSSe/ZnSSefZnCdS)  QW  struc¬ 
tures  in  which  bandgap  energies  of  the  wells 
correspond  to  the  near-UV  .spectral  region  can  be 
grown  coherently  on  GaP  substrates,  and  (2)  large 
band  offsets  for  conduction  and  valence  bands 
can  be  expected  as  a  result  of  composition  differ¬ 
ences  in  both  group  11  and  group  VI  elements 
between  wells  and  barriers. 

Mitsuishi  et  al.  have  reported  metalorganic 
vapor  phase  epitaxy  of  ZnSSe  on  GaP  and  im¬ 
provement  of  the  crystalline  quality  by  lattice¬ 
matching  [7].  However,  for  construction  of  QW 
structures,  it  is  important  to  control  layer  thick¬ 
ness  precisely  as  well  as  to  make  smooth  and 
abrupt  interfaces.  For  .such  purposes,  molecular 
beam  epitaxy  (MBE)  is  a  more  suitable  growth 
technique.  As  a  sulfur  source  in  MBE.  ZnS  has 
commonly  been  used  for  the  growth  of  alloys  with 
small  sulfur  content  such  as  ZnSSe  nearly 
lattice-matched  to  GaAs.  However,  it  is  impossi¬ 
ble  to  control  the  flux  ratio  of  sulfur  to  zinc  by 
this  method.  And  this  would  result  in  the  diffi- 
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culty  for  the  control  of  electrical  properties  of 
alloys  with  large  sulfur  content. 

In  this  paper,  we  report  the  growth  of  ZnS  and 
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Fig.  I.  RHEED  patterns  along  [01 1]  direction  for  ZnS  ^rown 
directly  on  GaP  substrate  at  several  thickness:  (a)  270  A;  (b) 
4S0  A:  (c)  7S0  A;  (d)  23(K)  A.  Twin  spots  were  observed  at  the 
thickness  of  around  480  A.  Orientation  of  the  substrate  is 
(UK))  misoriented  ft’  toward  lOiTj.  Thicknesses  are  estimated 
assuming  that  the  growth  rate  in  the  early  stage  of  nucleation 
is  the  same  as  that  in  the  growth  of  thick  layer. 
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ZnS-based  alloys  on  GaP  substrates  by  MBE 
using  an  elemental  sulfur  source.  Although  MBE 
of  ZnS  has  been  reported  by  several  groups  [8- 
18],  the  relationship  between  growth  process  and 
film  quality  is  unknown.  Therefore,  we  mainly 
investigate  the  effects  of  the  initial  stage  of  the 
growth  and  the  misorientation  of  the  substrate  on 
the  quality  of  the  epitaxial  layers. 


2.  Experimental  procedure 

The  samples  were  grown  using  a  MBE  system. 
Source  materials  are  elemental  zinc,  cadmium, 
sulfur  and  selenium  (6N  purity  each).  As  for  the 
n-type  doping,  ZnCl,  (5N  purity)  was  used.  Con¬ 
ventional  Knudsen  cells  were  used  except  for 
sulfur.  Owing  to  low  operating  temperature  re¬ 
sulting  from  very  high  vapor  pressure  of  sulfur, 
accurate  control  of  beam  flux  can  not  be  easily 
achieved.  This  makes  it  difficult  to  grow  alloys 
such  as  ZnSSe  and  ZnCdSSe  with  sufficient  uni¬ 
formity  of  sulfur  composition.  In  this  study,  we 
u,sed  a  cracking  cell  specially  designed  for  the  use 
of  sulfur  (made  by  ULVAC  Japan  Ltd.). 

The  temperature  of  a  sulfur-source  effuser  was 
kept  constant  using  oil  flowing  from  a  constant- 
temperature  oil  bath.  Stabilities  of  the  tempera¬ 
ture  and  flux  intensity  measured  by  a  nude  ion 
gauge  were  in  the  range  of  ±0.1°C  and  ±5^/(. 
respectively.  The  temperature  of  the  cracker  is 
kept  at  2()0°C.  thus  sulfur  molecules  probably  are 
not  cracked  to  smaller  species  such  as  S^. 

Two  types  of  GaP  substrates,  whose  orienta¬ 
tions  are  just  (1(X))  (Just  substrate)  and  misori¬ 
ented  6°  toward  [OlT]  (misryriented  substrate)  were 
used.  Before  the  growth,  the  substrates  were  de- 
grea.sed  and  etched,  followed  by  (NHjfiS,  treat¬ 
ment  [19,20]. 


3.  Results  and  discussion 

.?. /.  RHEED  ohserration 

Fig.  1  shows  reflection  high-energy  electron 
diffraction  (RHEED)  patterns  observed  when 
ZnS  was  grown  directly  on  the  misoriented  sub- 
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stratc  ill  the  siibstriitc  tcmpcriiturc  (  Z,,,,, )  ot  330 
In  this  case.  RHl'HD  paticrn  changes  as  lulkms: 
(1)  diffuse  spots.  (2)  lattice  pattern.  (3)  spotty 
pattern  with  twin  spots.  (4)  streak  pattern.  Iwin 
spots  are  due  to  crystals  rotated  on  the  (III) 
plane.  They  were  observed  under  wide  range  of 
growth  condition,  such  as  substrate  temperature 
and  llux  intensity  of  group  II  and  VI  sources,  on 
cither  the  just  or  the  misoriented  substrates. 
Moreover,  they  were  also  seen  during  the  growth 
of  ZnS-based  alloys  such  as  ZnSSe  and  ZnCdS. 

Appearance  of  such  twins  shows  that  a  large 
number  of  defects  are  produced  at  the  initial 
stage  of  the  growth.  Therefore,  it  is  desirable  that 
epitaxial  growth  is  carried  out  without  twin  for¬ 
mation. 

We  found  that  twin  spots  are  not  observed 
during  the  growth  of  thin  ZnS  buffer  layer  up  to 
the  thickness  (/)  of  about  200  A  at  =  400'C. 
and  following  ZnS  growth  at  =  3.30‘’C'.  as 
shown  in  Fig.  2.  As  will  be  shown  later,  this 
insertion  of  ZnS  buffer  layer  improves  the  crys¬ 
talline  quality  effectively. 

Fig.  3  shows  RHEFD  patterns  observed  dur¬ 
ing  the  growth  of  ZnS  with  the  buffer  layer  on 
the  just  substrate.  Narrow  v-shape  streaks  were 
observed  along  [Oil]  direction  at  /  =  4(X)  A  and 
l  =  IbOO  A.  while  such  patterns  were  not  ob¬ 
served  for  the  growth  on  the  misoriented  sub¬ 
strate  (see  Fig.  2).  This  indicates  that  facets  with 
small  misorientation  from  (IIK))  plane  are  formed 
rather  than  (100)  plane  on  the  just  substrate, 
whereas  only  one  type  of  surface  is  formed  on  the 
misoriented  substrate. 

3.2.  X-ray  nK  kinf;  ciirrc  nmmirvmau 

Dependence  of  full  width  at  half-maximum 
(FWHM)  of  X-ray  rocking  curve  (XRC)  of  (4(M)) 
diffraction  on  sulfur  composition  was  investi¬ 
gated.  Fig.  4  shows  the  dependence  of  F-WFIM  on 


Fig.  2.  RH[:FI>  pallcrn  observed  during  the  growth  of  7nS 
buffer  at  49(r(',  (a)-(c).  and  following  ZnS  growih  at 
(d)  and  (e),  on  the  misoriented  substrate;  (a)  .^0  A:  (b)  I.^'O  A: 
(c)  2tM)  A;  (d)  41(1  A;  (e)  4.^)0  A.  Twin  spins  were  not  observed 
during  the  whole  stage  of  the  growth. 
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F-ig.  4.  FWFFM  iif  XRC  and  inclination  of  ZnSSe  layers  grown 
directly  on  the  substrate  as  functions  of  S  composition. 
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Fig.  5.  FWHM  of  XRC  and  inclination  of  ZnSSc  layers  grown 
on  the  buffer  as  functions  of  S  composition. 


sulfur  composition  for  ZnSSe  grown  directly  on 
the  substrates  (solid  line).  The  dashed  line  in  Fig. 
4  shows  the  inclination  of  the  crystal  axis  of  the 
epitaxial  layers  with  respect  to  the  substrates. 

FWHM  values  arc  rather  large  in  the  whole 
sulfur  composition  range  and  do  not  show  the 
effect  of  lattice-matching  condition  to  GaP.  On 
the  other  hand,  inclination  is  reduced  around 
lattice-matching  composition. 

Fig.  5  shows  FWHM  and  inclination  depen¬ 
dence  for  the  layers  grown  on  the  ZnS  buffer 
layers.  Compared  to  Fig.  4,  FWHM  values  are 
drastically  reduced.  This  is  most  likely  caused  by 
the  improved  process  in  which  twins  are  not 
produced.  However,  narrowing  of  XRC  peaks  by 
lattice-matching  is  still  not  observed  and  reduc¬ 
tion  of  inclination  is  observed  again. 

I'o  investigate  the  reason  for  which  lattice- 
matching  effects  on  FWHM  of  XRC  are  not 
observed,  thickness  dependence  of  FWHM  were 
assessed.  Two  samples,  nearly  lattice-matched 
ZnS||  ^7Se„  |  ,  and  ZnS,  both  of  which  were  grown 
on  the  ZnS  buffer,  were  chemically  etched  in 
H.SOj  and  K,Cr,04  solution. 

f  or  as-grown  layers  (t  ~  1.1  ^m),  the  FWHMs 
for  ZnS  and  ZnSSe  are  similar  values  of  around 


5(K)-600  arc  sec.  However,  when  the  layers  were 
thinned  to  the  thickness  of  1900  A.  the  FWHM 
values  for  the  ZnS  increases  to  1.500  arc  sec. 
while  the  value  for  ZnSSe  shows  only  a  slight 
increase  to  about  800  arc  sec.  From  this  result, 
we  see  that  the  lattice-matching  effect  on  FWHM 
of  XRC  can  be  observed  for  thin  layers,  while  the 
effect  is  screened  by  another  cause  for  thick 
(r  >  1  jum)  layers. 

Discussion 

By  mcan.s  of  RHEED  observation  at  the  initial 
stage  of  growth,  it  is  suggested  that  three-dimen¬ 
sional  (.4D)  nucleation  occurs  at  any  substrate 
temperature.  It  is  also  suggested  that  twins  are 
readily  formed  on  the  (llT)  facet  at  a  typical 
sub.strate  temperature  of  .3.40°C.  However,  since 
twin  spots  become  weak  and  disappear  as  the 
growth  proceeds,  it  is  likely  that  such  twins  are 
not  formed  on  the  flat  surface,  i.e..  the  (100) 
plane. 

On  the  other  hand,  during  the  growth  of  ZnS 
buffer  layer  at  the  high  substrate  temperature  of 
49()°C,  twins  are  not  formed  owing  to  the  en- 


Fip.  .1.  RHF.F.D  ^ullcrn  along  llllll  and  llllTl  direction  for  ZnS  buffer  (a)-(c),  and  ZnS,  (d)  and  (e),  on  just  ( lOID-oriented  (iaP 
substrate:  (a)  20  A;  (b)  l(K)  A;  (e)  200  A;  (d)  4IKI  A;  <c)  6200  A.  V-shape  streaks,  waich  were  not  seen  on  the  misorlenled  substrate, 
were  observed  along  [01 1|  directum  during  upper  ZnS  growth  «d),  (e)). 
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hancement  of  migration  of  the  source  species, 
although  the  nucleation  is  still  3D  mode. 

Once  the  surface  becomes  relatively  flat  as  a 
result  of  the  high  temperature  growth  of  the  ZnS 
buffer,  it  is  likely  that  the  following  ZnS  or  ZnSSe 
growth  proceeds  without  twin  formation  even  at 
7;,,,  =  33(fC. 

Thus,  we  can  speculate  that  a  rough  surface 
causes  the  formation  of  twins  and  related  defects. 
This  is  coincident  with  the  effect  of  the  misori- 
ented  substrate.  As  stated  previou.sly,  the 
smoother  surface  is  formed  on  the  misoricntcd 
substrate  rather  than  on  the  just  substrate.  In 
addition,  the  FWHM  values  of  XRC  for  the  ZnS 
or  ZnSSe  layers  on  the  misoricntcd  substrates 
(.30()-6()()  arc  sec)  are  better  than  those  on  the 
just  substrates  (700-8()()  arc  sec).  Therefore,  we 
can  conclude  that  crystalline  quality  is  related  to 
surface  smoothness  during  the  grc'wth,  and  that 
the  surface  should  be  kept  Hat  to  obtain  high 
quality  crystals. 

Ne.\t.  the  reason  why  lattice-matching  effect  is 
not  observed  for  ZnSSe  is  discussed. 

If  the  unexpectedly  large  FWHM  value  of  .300 
arc  sec  for  ZnSSe  layers  grown  under  lattice¬ 
matching  condition  is  due  to  the  composition 
fluctuation  during  growth,  it  ettrresponds  to  more 
than  I*"/  of  fluctuation  in  solid  composition.  This 
fluctuation  is  too  large  to  be  explained  by  the 
variation  of  the  beam  flux.  In  fact,  the  position  of 
the  X-ray  diffraction  peak  does  not  vary'  with 
thickness,  which  was  ascertained  by  etching  ex¬ 
periments.  Thus  the  fluctuation  in  composition  is 
iu)t  the  main  cause. 

On  the  other  hand,  the  F'WHM  values  of  the 
ZnS  films  are  reduced  tti  alxiut  ,3()()  arc  sec  with 
increasing  thickness  to  about  2.,*'  /ani.  Thus,  if  the 
ZnSSe  layers  are  gr»)wn  coherently  on  the  sub¬ 
strate.  the  FWHM  values  are  supposed  to  be  at 
least  less  than  300  arc  sec,  whereas  the  values 
remain  about  500  arc  sec.  Therefore,  we  can 
estimate  that  the  quality  of  the  Zn.S(.Se)/Zn.S- 
buffer/GaP  interface  is  still  rather  p(H»r  and  this 
causes  the  relatively  large  FWHM  values. 

As  for  ZnSe/GaAs,  it  has  been  reported  that 
the  formation  of  Ga  ,Se,  interfacial  layers  results 
in  good  nucleation  [21].  However,  the  nature  of 
chemical  bonding  and  its  effect  on  the  interfacial 


properties  have  not  been  assessed  yet  for  the 
ZnS(Se)/GaP  system.  We  expect  that  further 
modification  of  the  GaP  surface  and/or  utiliza¬ 
tion  of  some  refined  growth  techniques  such  as 
cracking  of  a  sulfur  source  [15.18]  would  be  effec¬ 
tive  for  the  two-dimensional  nucleation  and  also 
for  the  improvement  of  crystalline  quality  of 
ZnS-based  alloy  layers. 

Although  the  qualities  of  ZnS  and  ZnS-ba.sed 
alloys  are  still  to  be  improved,  we  have  fabricated 
ZnCdSSc /ZnSSe  mctal-insulator-semiconduc- 
tor  LEDs  to  evaluate  the  potential  of  this  mate¬ 
rial  system  at  the  present  stage.  We  obtained 
strong  near-UV  emission  at  77  K,  which  suggests 
a  high  potential  of  the  material  system.  Details 
are  reported  elsewhere  [22].  This  fact  indicates 
that  high  performance  will  be  achieved  using  this 
material  system  if  the  crystalline  quality  of  the 
ZnSSe/GaP  system  is  further  improved. 


4.  Summary 

The  influence  of  the  growth  process  on  the 
crystalline  quality  has  been  investigated.  We  have 
shown  that  the  crystalline  quality  of  ZnS  and 
ZnSSe  is  greatly  improved  by  using  a  ZnS  buffer 
grown  at  a  high  substrate  temperature.  However, 
the  crystalline  quality  is  still  not  perfect,  even  for 
lattice-matched  composition.  It  is  likely  that  this 
is  mainly  due  to  the  defects  generated  at  the 
ZnS(Se)/ZnS-buffer/GaP  interface. 
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.Abstract 

Series  of  ZnSe/ZnS.Se'i  ,  strained-layer  superlatliees  with  .v  =  0.1 -1)14  grown  hy  .\t()\PI!  using  either 
diethylsulphide  (DTi)  or  hydrogen  sulphide  (H  ,S)  as  the  sulphur  source  ha\e  been  studied  with  \-iay  douhle-erystal 
diffractometry  and  photoluminescenee.  The  effects  of  period  thickness,  number  of  peiioils.  growth  interruption  and 
stabilization  of  the  ZnSSe-to-ZnSe  interface  as  well  as  buffer  layers  on  the  '>truetural  anti  optical  properties  were 
determined.  These  data  ser\e  as  basis  for  optimization  of  the  growth  parameters.  High  tjuality  material  was  obtained 
as  indicated  by  narrow  peak  widths  and  numerous  satellite  peaks  in  the  .\-ra>  difiraetioii  profiles  lor  optimized 
samples  grown  with  DES  (120  periods,  without  stabilization,  without  bufler).  Highly  efficient  blue  lumineseenee  at 
2.7  eV  observed  at  room  temperature  confirms  the  e.xeellent  properties  of  the  heterostruetures  Meeause  of  the  high 
lesolution  of  the  double-crystal  .\-r;iy  diffraction  we  were  enabled  to  ileteet  very  small  variations  ol  layer  thickness 
and  composition  in  the  superlattice  systems. 


I.  Introduction 

III-V  semiconductors  operate  vei>  suecesslul 
in  optoelectronic  devices  in  the  red  spectral  re¬ 
gion  (e.g.  lasers,  modulators  and  waveguides)  but 
to  reach  the  shorter  wavelength  range  there  is  a 
stnmg  interest  in  wide  bandgap  II-VI  com¬ 
pounds.  In  IWI  the  first  blue-green  laser  ditnlc 
was  reported  [  I  ]  and  by  now  room  temperature 
pulsed  blue-green  injection  la.sers  operating  at 
2.4.S  eV  were  achieved  [2].  Even  a  real  blue  (2.f>7 
and  2.64  eV  at  .^00  K)  photopumped  laser  wtis 
developed  using  Zn.S.Se/ZnMg.SSe  and  Zn.Se/ 
ZnSSe  heterostruetures  [.4,4],  respectively,  but  u 
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deep  blue  laser  diode  operating  at  roirm  tempera¬ 
ture  has  not  been  demonstrated  to  ilate. 

In  particular,  die  fernary  ZnS,.'sei  ,  (0  <  v  < 
I)  is  very  promising  material  to  obtain  a  blue 
laser  at  .4(1(1  K  because  the  bandgap  can  he  varied 
from  2.7  to  .4.f)  eV  (blue  fo  ultraviolet)  at  room 
temperature,  l-'specially  superlaitice  stri'  .tures  of 
this  material  are  potential  candidates  to  achieve 
this  object,  because  the  carrier  confinement  in 
the  optically  iictive  region  or  even  localized  states 
should  reduce  the  laser  threshold  [4..s].  In  addi¬ 
tion,  the  luminescence  is  lumible  from  blue  to 
ultraviolet  due  to  the  quantum  size  effeet  (O.SE). 
It  has  already  been  slnwvn  in  the  AI(iaAs/(iaAs 
material  system  that  superlattiee  structures  used 
as  bufler  e:m  strongly  improve  the  crystalline  and 
optical  properties  of  the  layers  on  top  [(i).  Het- 
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erostructures  consisting  of  ZnSSe  are  under  com¬ 
pressive  strain  caused  by  their  lattice  mismatch  to 
the  GaAs  substrate  and  their  different  thermal 
expansion  coefficients.  To  avoid  crystalline  de¬ 
fects  in  these  structures  which  degrade  the  opti¬ 
cal  properties,  very  thin  pseudomorphic  layers 
with  an  adequate  composition  and  layer  tnickness 
are  necessary  to  ensure  an  average  lattice  con¬ 
stant  for  the  heterostructure  stack  which  is  nearly 
lattice  matched  to  the  substrate.  Also  the  proper¬ 
ties  of  the  heterointerfaces  show  great  influence 
on  the  crystalline  and  optical  properties  of  the 
superlattice  structures.  In  this  work  the  optimiza¬ 
tion  of  strained  short  period  superlattice  struc¬ 
tures  consisting  of  ZnSSe  is  discussed.  The 
MOVPE  growth  parameters,  the  well  and  barrier 
thickness,  the  number  of  periods,  a  stabilization 
method  and  the  sulphur  sources  we  varied  to 
study  the  effects  on  strain  and  interface  quality 
which  were  monitored  by  photoluminescence  and 
X-ray  diffractometry. 


2.  Experimental  setup 

The  growth  was  carried  out  in  a  horizontal 
mctalorganic  vapour  phase  epitaxy  (MOVPE)  sys¬ 
tem.  This  computer-controlled  system  works  at 
atmospheric  prc.ssurc  and  u.scs  a  rotating  suscep- 
tetr  to  improve  the  homogeneity  of  the  epilayers 
[7],  The  samples  were  grown  on  cpiready  (1(K)) 
CiaAs  misoriented  2°  off.  which  leads  to  a  lattice 
mismatch  i)f  0.27^7  for  ZnSe  and  -4.,'12'T  for 
ZnS,  respectively  («(..,^  =  5.65.75  A,  = 

5.6686  A.  tiy^^  =  5.409,7  A)  [8].  The  growth  tem¬ 
perature  was  set  to  48()°C  and  the  total  gas  flow 
achieved  the  value  of  about  4-5  1/min  with  a  gas 
velocity  of  about  15  cm/s.  Palladium-purified  hy¬ 
drogen  was  used  as  a  carrier  gas,  as  precursors 
the  mctalorganic  sources  diethylzinc  (DEZn),  di- 
ethylselenidc  (DE.Se)  and  diethylsulphide  (DES) 
were  used,  and  as  second  sulphur  source  the 
hydride  hvdrogc’’  sulphide  (H,S)  were  in  use. 
The  samples  were  characterized  by  photolumi¬ 
nescence  (PL)  and  by  X-ray  double-crystal 
diffractometry.  Symmetrical  ((H)4)  reflections  were 
measured  using  a  diffractometer  with  ((K)4)  Si 
first  crystal  and  C'u  Kn,  radiation.  Quantitative 


structural  inlormations  were  obtained  by  compar¬ 
ing  the  experimental  data  with  simulations  based 
on  the  dynamical  theory  [9],  The  PL  investiga¬ 
tions  were  performed  using  a  He-Cd  laser  with  a 
la.ser  line  at  725  nm.  Therewith  the  emission  of 
the  upper  100  nm  of  the  ZnSSe  heterostructure 
could  be  detected  from  low  temperatures  (10  K) 
up  to  room  temperature.  On  the  other  hand,  the 
X-ray  technique  samples  the  entire  structure  in¬ 
cluding  the  underlying  substrate.  A  comparison 
of  the  results  of  these  characterization  methods 
was  done  by  taking  the  difference  of  the  penetra¬ 
tion  depth  into  account. 


3.  Growth  procedure 

In  this  paper  we  report  the  result  of  several 
.series  of  samples  grown  with  H^S  (.v  =  14''r )  or 
with  DES  (.V  =  lOT)  as  sulphur  source.  The  var¬ 
ied  parameters  for  the  H^S  grown  structures  are 
the  following:  well  and  barrier  thickness  (2.5  or  5 
nm).  with  and  without  stabilization  during  the 
interruption  time,  without  or  with  a  buffer  con¬ 
sisting  cither  of  ZnSe  or  of  ZnSSe.  and  the  num¬ 
bers  of  periods  (.70.  60  and  120).  For  the  superlat¬ 
tices  grown  with  DES.  the  layer  thicknesses,  the 
stabilization  procedure,  the  buffer  and  the  num¬ 
ber  of  periods  also  were  varied  as  enumerated  for 
the  .samples  produced  with  H,S.  It  is  known  that 
the  hydrides  react  in  the  gas  pha.se  with  the  MO 
sources  even  at  room  temperature,  which  results 
in  an  unintentional  coating  and  powder  in  the 
reactor.  The  resulting  sulphur  depletion  in  the 
gas  phase  leads  to  inhomogeneities  in  the  layer 
thickness  and  composition.  Using  DES,  a  less 
pronounced  gas  phase  reaction  could  be  ob¬ 
served,  but  to  achieve  sufficient  growth  rates  and 
high  sulphur  content  in  the  ternary  layers,  we 
were  forced  to  use  a  high  gas  flow  of  H ,  through 
the  DES  bubbler,  because  the  decomposition  rate 
at  a  temperature  of  48()°C  is  much  lower  com¬ 
pared  to  the  other  MO  sources  [10]. 

After  each  layer  growth  it  is  useful  to  interrupt 
the  growth  for  several  .seconds  (/p  =  5-2()  s)  to 
achieve  smoother  interfaces  caused  by  migration 
and  to  supress  a  carry-over  of  sulphur.  However, 
we  have  recently  shown  that  sulphur  desorbs  from 


/  Sollner  et  at.  /  Journal  of  Crystal  Cirowih  138  1 1^04)  35-42 


37 


the  surface  of  the  ternary  layer  if  there  is  no 
suitable  stabilization  [11],  With  the  hydrogen  flow 
only,  broadened  wells  with  graded  interfaces  were 
obtained.  To  avoid  the  sulphur  desorption,  a  sta¬ 
bilization  with  HiS  or  DES  and  DESe  was  devel¬ 
oped.  To  flush  the  sulphur  and  the  selenium 
reactants  out  of  the  reactor  to  avoid  an  interfer¬ 
ence  with  the  growth  of  the  next  layer,  a  purge 
for  4  s  only  with  hydrogen  and  DESe  is  compul¬ 
sory. 


4.  Characterization  of  superlattices  grown  with 

HjS 

In  this  section  the  heterostructures  grown  with 
H,S  as  sulphur  source  are  discussed.  To  investi¬ 
gate  the  stabilization  effect  on  the  ZnSSc-to-ZnSe 
interface,  samples  have  been  grown  under  similar 
conditions,  but  with  different  growth  interrup¬ 
tions.  From  the  measured  growth  rates  and  sul¬ 
phur  concentrations  of  thick  ZnSe  and  ZnSSe 
reference  layers,  the  thicknesses  and  sulphur  con¬ 
tent  of  the  supcrlattice  structures  were  calcu¬ 
lated;  these  are  the  “nominal’'  values.  In  Fig.  1, 
thf  near-bandedge  PL  at  11  K  of  two  sets  of 
superlattice  structures  with  60  periods  and  nomi¬ 
nally  X  =  14%  in  the  barrier,  but  with  different 
barrier  and  well  thicknesses,  are  shown.  Reflec¬ 
tivity  spectra  show  that  the  peak  at  higher  ener¬ 
gies  is  the  free  exciton  heavy  hole  transition  peak 
(FE);  the  lower  energy  peak  is  suppo.sed  to  be 
correlated  to  a  bound  exciton  transition  (BE). 
This  result  is  in  accordance  with  the  literature 
[12].  The  structures  (a)  and  (b)  were  grown  with 
the  .same  parameters,  giving  a  nominal  well  and 
barrier  thickness  of  5  nm  (period  thickness  10 
nm),  but  sample  (b)  is  with  and  sample  (a)  is 
without  stabilization.  The  same  applies  to  the 
sample  pair  (c)  and  (d),  but  with  a  nominal  well 
and  barrier  thickness  of  2.5  nm  (period  thickness 
3  nm).  From  the  X-ray  data,  the  period  thickness 
were  evaluated  to  be  for  sample  (a)  13.2  ±  0.3 
nm.  for  .sample  (b)  16.6  ±  0.3  nm,  for  .sample  (c) 
7.0  ±  0.3  nm  and  for  sample  (d)  5.8  ±  0.3  nm. 
Obviously,  these  values  differ  from  the  nominal 
ones.  Comparing  the  PL  peak  positions  of  sample 
(a)  and  (b),  al.so  (c)  and  (d),  it  is  obvious  that  a 
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blue  shift  occurs  for  sulphur-stabilized  samples. 
Therefore  we  suggest  that  stabilized  structures 
consist  of  more  sulphur  in  the  barrier  or  more 
abrupt  interfaces  compared  to  unstabilized  sam¬ 
ples.  If  we  compare  the  stabilized  samples  (a)  and 
(c)  and  also  the  unstabilized  samples  (b)  and  (d), 
it  can  be  seen  clearly  that  the  PL  peaks  of  the 
thinner  wells  show  an  enhanced  blue  shift. 

The  interpretation  of  the  enhanced  sulphur 
content  in  the  stabilized  samples  is  confirmed  by 
X-ray  diffraction  measurements.  The  two  rocking 
curves  shown  in  Fig.  2  arc  taken  from  the  same 
samples  as  shown  in  Figs,  la  and  lb.  For  both 
samples,  several  orders  of  intense,  well-defined 
satellite  peaks  could  be  detected,  indicating  the 
homogeneous  periodicity  and  the  high  quality  of 
the  structures.  The  superlattice  period  was  evalu¬ 
ated  from  the  angular  spacing.  As  shown  in  Fig. 
2,  all  satellites  arc  broad  as  compared  to  the 
substrate  peak.  This  suggests  that  both  superlat- 
ticcs  arc  not  free  from  disUKations.  In  addition. 
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variations  in  the  period  thiekness  may  broaden 
the  satellite  peaks.  The  unstabilized  sample  shows 
on  the  left-hand  side  of  the  GaAs  refleetion  a 
pronouneed  feature  which  does  not  correspond 
to  the  diffraction  profile  of  the  periodic  structure 
and  which  may  be  attributed  to  a  highly  disor¬ 
dered  part  of  the  superlattice  close  to  the  sub¬ 
strate.  Although  our  simulation  model  assumes 
perfectly  coherent  films  free  of  disorder,  we  ten¬ 
tatively  compared  the  X-ray  data  with  theory. 
The  simulated  spectra  using  a  two-layer  model  fit 
quite  well  the  intensity  ratios  of  the  superlattice 
reflections  when  the  following  parameters  are 
used  for  simulation:  sample  (a)  1 1.3  nm  well  and 
.'^.3  nm  barrier  thickness  with  .v=18.5''z,  and 
sample  (b)  5.7  nm  well  and  7.5  barrier  thickness 
with  .V  =  28. 2G,  respectively.  Obviously,  the  sta¬ 
bilized  superlattice  structure  contains  in  total 
more  sulphur  compared  to  the  unstabilized  het¬ 
erostructure  in  accordance  with  the  PL  measure¬ 
ments  in  Fig.  1. 

To  study  the  effect  of  lattice  strain,  different 
kind  of  buffer  layers  were  investigated.  Without 
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any  buffer,  both  the  barrier  and  the  well  are 
strained  in  opposite  direction  and  only  the  entire 
supcriattice  stack  is  nearly  lattice  matched  to  the 
substrate.  With  a  relaxed  ZnSe  buffer  the  well 
should  be  unstrained,  but  the  ternary  barrier  is 
under  strain,  with  a  ZnSSe  buffer  t  .r  =  UG )  the 
situation  is  reversed.  In  Fig.  3  the  near-bandedge 
PL  spectra  of  three  superlattice  structures  (well 
and  barrier  thickness  nominal  5  nm/5  nm.  r  = 
14''i.  bO  periods.  2(1  s  interruption  time  without 
stabilization),  sample  (a)  without  buffer,  sample 
(b)  with  a  1  jum  thick  ZnSe  buffer  and  sample  (c) 
with  a  1  jum  thick  ZnSSe  buffer  (.v=  14'^^,  are 
shown.  The  ratio  of  the  free  exciton  (FF)  to  the 
bound  exciton  (BF)  indicates  the  quality  of  the 
layers.  By  compttring  sample  (a)  without  buffer 
and  sample  (c)  with  ZnSSe  buffer  (FF/BF  =  1.4 
and  2.1.  respeetively).  it  is  evident  that  the  ZnSSe 
buffer  does  not  improve  the  superlattice  het¬ 
erostructure.  beciiuse  both  spectra  have  nearly 
the  same  lineshape.  The  free-to-bound-exciton 
ratio  of  sample  (b)  is  mueh  smaller  (FF/BF  =  0.8) 
as  compared  to  the  F-F/BE  =  1.4  ratio  of  sample 
(a),  where  the  free  exciton  is  dominating.  This 
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can  be  explained  by  the  fact  that  the  relaxed 
ZnSe  buffer  shows  structural  defects  -  caused  by 
the  relaxation  process  -  which  continue  into  the 
upper  superlatticc. 

To  examine  the  dependence  of  optical  proper¬ 
ties  on  the  number  of  superlatticc  periods,  room 
temperature  PL  was  chosen  because  optoelec¬ 
tronic  devices  should  operate  at  3tM)  K.  A  large 
near-bandedge  to  deep  centre  emission  ratio  is  a 
strong  hint  on  good  structural  properties,  whereas 
enhanced  deep  level  emissions  indicate  crys¬ 
talline  defects.  In  Fig.  4  the  room  temperature 
PL  spectra  of  three  different  samples  arc  shown. 
These  are  .structures  with  well  and  barrier  thick¬ 
nesses  of  nominal  .3  nm/5  nm  without  stabiliza¬ 
tion,  but  with  different  numbers  of  periods:  .30,  60 
and  120,  respectively.  The  upper  two  spectra  in 
Fig.  4  with  60  and  120  periods  show  strong  blue 
luminescence  (2.7  eV)  at  room  temperature  with 
nearly  negligible  deep  traps,  but  the  sample  with 
only  30  periods  shows  dominating  deep  center 
emissions  at  about  2.  1  eV  in  the  spectrum.  With 
increasing  number  of  periods  in  the  superlatticc 
structure  grown  under  these  conditions,  the  ratio 
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of  near-bandedge  to  deep-centre  emission  also 
increases  and  at  lea.st  60  periods  are  needed  to 
achieve  good  optical  properties,  but  PL  only  mon¬ 
itors  the  upper  layers  of  the  structure  (penetra¬ 
tion  depth  approximately  KM)  nm).  From  binary 
quantum  well  structures  it  is  known  that  the 
layers  close  to  the  substrate  arc  very  wavy  and 
many  crystalline  defects  are  observable  by  scan¬ 
ning  transmission  electron  microscopy  (STEM) 
[13].  Going  to  the  top  of  the  structure,  the  layers 
arc  getting  smoother  and  the  defects  are  reduced. 
In  the  ternary  material  investigated  here  it  is 
similar  [14],  so  that  the  layers  close  to  the  sub¬ 
strate  act  as  a  buffer  region  to  reduce  defects  as 
previously  investigated  in  IIl-V  heterostrucures 
[h]. 

The  X-ray  diffraction  pattern  shown  in  Fig.  5a 
of  the  120-pcriod  sample  of  Fig.  4  exhibits  a  large 
number  of  satellite  peaks  indicating  smooth  inter¬ 
faces  with  well-defined  modulated  structures. 
However,  the  satellite  peak  intensities  are  clearly 
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asymmetric  about  the  zero-order  peak,  which 
closely  matches  to  the  substrate  peak,  because  of 
the  lattice  matching  of  the  superlatticc  structure 
to  the  substrate.  In  addition  to  the  substrate  peak 
and  to  the  superlattice  satellite  peaks,  sets  of 
weaker  peaks  can  he  re.solved  in  the  tails  between 
the  satellites.  These  peaks  have  nearly  the  same 
spacing  as  the  other,  but  correspond  to  a  differ¬ 
ent  average  lattice  constant.  This  superlattice  is 
believed  to  consist  of  a  number  of  different  su¬ 
perlattices  with  nearly  constant  period  thickness 
but  compositional  variation.  Using  a  two-layer 
model,  no  reasonable  combination  of  layer  thick¬ 
ness  and  sulphur  content  could  be  found  to  pro¬ 
duce  an  adequate  fit  to  the  experimental  data 
(Fig.  5a).  Although  the  peak  positions  fit  very 
well  the  calculated  intensities  of  the  satellite, 
peaks  arc  clearly  larger  than  the  measured  ones. 
Additionally,  the  relative  peak  intensities  of  the 
-4  and  order  peak  differ  remarkably  as 
compared  to  the  experimental  curve. 

Room-temperature  PL  from  stabilized  SL 
structures  with  120  periods  showed  no  significant 
luminescence.  From  the  ob.scrved  cross-hatch 
pattern  on  the  surface  we  conclude  that  this 
stabilized  superlattice  with  120  periods  exceeds 
the  critical  thickne.ss,  because  of  the  enhanced 
sulphur  content  in  the  barriers.  For  that  reason 
crystalline  defects  are  produced  on  top  of  the 
structure,  which  destroy  optical  transitions  in  the 
upper  layers. 


5.  Characterization  of  ZnSSe  /  ZnSe  superlaltices 
grown  with  DES 

In  this  section,  samples  grown  with  DES  as 
sulphur  source  are  analysed.  In  Fig.  6,  the  near- 
bandedge  emissions  of  a  superlattice  structure 
(7..1  nm/10.7  nm.  120  periods,  without  stabiliza¬ 
tion  and  .V  =  lOCf )  with  different  excitation  inten¬ 
sities  4,  arc  shown  (I  and  .^1  mW/cm’).  The 
peaks  were  identified  experimentally  from  their 
intensity  dependence  and  from  reflectivity  spec¬ 
tra.  The  dominant  peak  is  the  free  exciton  light 
hole  transition  which  increases  linearly  with  in¬ 
creasing  excitation  intensity.  The  second  peak, 
labelled  BE,  is  very  likely  a  bound  exciton  which 
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saturates  with  increasing  as  the  theory  de¬ 
mands  for  bound  cxcitons  in  accordance  with  the 
nomenclature  used  in  Fig.  1.  An  additional  peak 
can  be  observed,  denoted  B  [15],  which  is  only  .7 
meV  below  the  free  exciton.  This  peak  increases 
superlinearly  with  the  excitation  intensity,  but  the 
origin  is  still  under  di.scussion.  The  very  low 
halfwidth  of  the  free  exciton  peak  with  2.2  meV 
and  the  large  FE-to-BE  ratio  (FE/BE  =  5  for 
/„=!  W/cm-  and  FE/BE  =  2.7  for  =  .7i 
mW/cm')  indicate  very  good  optical  properties 
of  the  samples  grown  with  DES.  Additionally,  the 
free  exciton  light  hole  transition  peak  in  both 
spectra  could  be  observed  15  meV  above  the  FE 
peak.  This  peak  was  labelled  FE(LH)  in  accor¬ 
dance  with  the  literature  [15].  Also,  the  inset  of 
Fig.  6  with  the  rtnim  temperature  luminescence 
of  this  .sample  shows  the  e.xcellent  properties.  The 
very  intense  excitonic  emission  without  deep  lev¬ 
els  shows  the  improved  luminescence  properties 
as  compared  to  the  sample  grown  with  H  ,S  and 
120  periods  shown  in  Fig.  4,  where  deep  traps  can 
still  be  recognized. 
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For  comparison,  the  X-ray  diffraction  patterns 
of  both  samples  just  discussed  are  shown  in  Fig. 

5.  Several  orders  of  intense  satellites  could  be 
detected:  their  widths  increase  progressively  with 
the  satellite  order.  This  effect  is  usually  inter¬ 
preted  as  a  drift  of  period  thickne.s.s.  Whereas  for 
the  sample  grown  with  Fl,S  even  the  first  order 
reflections  are  symmetrically  broadened  (Fig.  5a), 
the  central  refleetions  (-1,0,  I)  in  Fig.  5b  are 
clearly  splitted  into  separate  narrow  peaks  (inset 
Fig.  5b).  This  situation  is  difficult  to  obse-ve  very 
close  to  the  substrate  peak  where  one  zero-order 
peak  at  the  higher  angular  side  ccld  not  be  well 
resolved.  Nevertheless,  the  occurrence  of  two 
zero-order  peaks  indicates  that  the  structure  con¬ 
sists  of  at  least  two  superlattices  who.se  average 
lattice  constants  are  slightly  different.  The  sepa¬ 
ration  of  the  corresponding  higher-order  peaks 
leads  to  nearly  the  same  period  of  18.0  ±  0.2  nm. 
The  simulated  diffraction  profile  was  calculated 
from  a  model  with  periods  1-60  of  7.3  nm 
ZnSe/l().7  nm  ZnS|||iy,Se,|,,|„  and  periods  61- 120 
of  7.3  nm  ZnSe/io.7  nm  ZnS,,  |i,Sc,|.„i.  The 
agreement  of  simulation  and  experimental  data  is 
very  satisfactory  in  both  the  relative  positions  and 
the  relative  intensities  of  the  corre.sonding  peaks. 
The  presenee  of  more  than  one  superlatticc  was 
also  observed  in  other  samples.  From  the  splitting 
of  the  higher  order  satellites,  differences  in  peri¬ 
odicity  of  the  superlattices  of  approximately  0.7 
nm  were  calculated,  corresponding  to  two  mono- 
layers  [16). 

Also,  the  effects  of  buffer  layers  on  the  X-ray 
diffraction  pattern  have  been  investigated.  For 
superlattices  grown  on  a  1  /am  thick  ZnSe  buffer 
layer,  we  observed  a  large  increase  of  the  peak 
widths  as  compared  to  a  ternary  buffer  (,v  =  lO'"^ ) 
of  equal  thickness.  Nevertheless,  samples  grown 
without  any  intentional  buffer  show  so  far  the 
best  structural  prciperties. 


6.  Conclusion 

In  this  work  the  optimization  of  optical  and 
crystalline  properties  of  strained  short-period 
ZnSSe/ZnSe  superlattice  structures  were  pre¬ 
sented.  It  was  shown  that  a  stabilization  with  the 


sulphur  and  selenium  sources  during  the  inter¬ 
ruption  time  -  between  the  growth  of  the  ZnSSe 
and  ZnSe  layer  -  can  be  used  to  prevent  the 
sulphur  desorption  from  the  interface  region  and 
the  broadening  of  the  wells.  Therefore  we  get 
sharper  heterointerfaces  with  less  graded  compo¬ 
sition  of  the  layers,  and  an  enhanced  blue  shift  of 
the  PL  emission  peaks  results.  X-ray  measure¬ 
ments  also  proved  the  lower  sulphur  content  in 
the  entire  unstabilized  superlattice  stack  caused 
by  the  desorption  from  the  surface  region.  A 
ternary  buffer  eould  not  increase  the  PL  effi¬ 
ciency  as  compared  to  a  SL  structure  without 
buffer;  on  the  other  hand,  ZnSe  as  buffer  mate¬ 
rial  even  decreases  the  luminescence  caused  by 
the  larger  strain  from  buffer  to  the  superlattice 
stack.  Due  to  this  fact,  structural  defects  disturb 
the  optical  transitions.  The  photolumincscence  at 
room  temperature  showed  the  excellent  quality  of 
the  SL  .structures  and  the  need  of  at  least  60 
periods  to  obtain  PL  spectra  with  low  deep  centre 
emissions.  The  underlying  layers  act  as  buffer  and 
improve  the  crystalline  quality  of  the  upper  lay¬ 
ers.  which  are  monitored  by  PL  measurements. 
Struetures  with  120  periods  show  a  very  strong 
excitonic  emission  with  negligible  deep  traps.  It 
was  shown  that  DES  is  a  more  suited  sulphur 
source  compared  to  FI  ,S,  which  shows  a  tendency 
for  prereaction  in  the  gas  phase. 
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Abstract 

Epitaxial  (100)  CdTc  layers  have  been  grown  by  atmospheric  pressure  organometallic  vapor  phase  epitaxy 
(OMVPE)  on  Si(lOO)  substrates  misoriented  9°  towards  the  (110)  direction.  A  thin  Ge  buffer  layer  grown  at  low 
temperature  followed  by  an  interfaeial  layer  of  ZnTe  was  used  to  get  high  quality  (100)  CdTe.  The  layers  were 
characterized  by  X-ray  diffraction  and  optical  microscopy.  X-ray  rocking  curve  with  FWHM  of  about  260  arc  sec  has 
been  obtained  for  a  4  /im  thick  CdTe  layer.  The  results  presented  demonstrate  a  novel  technique  to  grow  high 
quality  CdTe  on  Si  in  a  single  OMVPE  reactor. 


I.  Introduction 

HgCdTc  is  an  important  semiconductor  mate¬ 
rial  for  the  fabrication  of  infrared  focal  plane 
arrays.  Epitaxial  growth  of  this  material  is  carried 
out  on  CdTe  substrates,  since  they  are  nearly 
lattice  matched  and  chemically  compatible.  How¬ 
ever,  in  recent  years,  there  has  been  a  consider¬ 
able  interest  in  using  CdTe  epitaxial  layers  grown 
on  alternate  substrates,  since  bulk  CdTc  is  not 
available  in  large  area  wafer  form.  GaAs  sub¬ 
strates  have  been  studied  extensively  for  this  pur¬ 
pose  and  high  quality  CdTe  and  HgC’dTe  layers 
were  grown  on  them.  However,  the  Si  substrate  is 
preferable  for  CdTe  and  HgCdTc  growth,  since  it 
will  reduce  the  thermal  mismatch  problems  en¬ 
countered  when  a  Si  wafer  with  signal  priKCssing 
electronics  is  bonded  to  detector  arrays.  In  addi¬ 
tion.  Si  is  available  in  larger  area  than  GaAs. 
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There  are  two  approaches  to  achieve  CdTe 
growth  on  Si.  One  approach  in  OMVPE  is  the 
use  of  commercially  available  GaAs/Si  substrates 
[1.2].  Since  considerable  effort  has  gone  into  de¬ 
veloping  the  "CdTe  on  GaAs"  technology,  use  vif 
a  commercially  available  GaAs/Si  substrate  is  an 
excellent  alternative.  However,  it  is  better  to  avoid 
GaAs  since  Ga  and  As  are  both  dopant  impuri¬ 
ties  in  11-Vl  compounds  and  hence  any  high 
temperature  heat  treatment  may  cause  significant 
out-diffusion  of  Ga  and  As  to  the  active  layer.  In 
addition,  the  complete  structure  (HgCdTc/ 
CdTe/ GaAs/Si)  cannot  be  grown  in  a  single 
reactor,  adding  considerable  amount  to  the  start¬ 
ing  wafer  cost. 

The  best  alternative,  then,  will  be  direct  growth 
of  CdTe  on  Si.  This  has  been  attempted  by  the 
molecular  beam  epitaxy  (MBE)  method  [.^.4]  dur¬ 
ing  the  last  few  years,  and  by  hot  wall  epitaxy  [.sj. 
A  few  studies  were  reported  by  OMVPE  [6]  as 
well,  but  detailed  structural  characterization  was 
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not  available.  Most  of  these  studies  have  concen¬ 
trated  on  (111)  oriented  CdTe  on  (HM))  silicon. 
Vapor  phase  epitaxy  of  (111)  oriented  CdTe  is 
frequently  subject  to  twin  defect  formation,  which 
does  not  seem  to  be  the  case  in  (1(X))  oriented 
epitaxy.  Hence,  it  is  important  to  study  the  growth 
of  (100)  oriented  CdTe  on  (100)  Si  for  the  subse¬ 
quent  growth  of  HgCdTe.  Even  though  (100) 
oriented  epitaxy  historically  had  hillock  problems, 
control  of  their  density  to  within  50  cm"’  is 
possible  using  careful  control  of  initial  growth 
conditions  [1]. 

The  main  difficulty  for  growing  high  quality 
CdTe  directly  on  Si  arises  from  the  presence  of  a 
strong  native  oxide  on  Si.  This  native  oxide  can 
be  removed  by  baking  the  wafer  at  low  tempera¬ 
ture  to  remove  the  adsorbed  moisture,  followed 
by  a  deoxidation  step  at  high  temperature,  gener¬ 
ally  in  the  range  8(K)-9(K)°C.  However,  the  high 
temperature  heat  treatment  is  not  preferred  in 
the  OMVPE  of  CdTe/Si  beeause  Te  is  known  to 
react  with  the  Si  surface  [7].  Unless  the  reactor 
previously  cleaned  or  baked  at  high  temperature, 
this  deoxidation  step  can  result  in  pitted  surfaces 
caused  by  Tc  from  previous  growth  runs.  There¬ 
fore.  it  is  better  to  avoid  the  high  temperature 
step  before  CdTe  growth.  In  this  paper,  we  will 
describe,  for  the  first  time,  a  novel  method  to 
grow  (100)  CdTe  on  Si  substrate  using  Ge  and 
ZnTe  interfacial  layers,  without  subjecting  Si  to 
high  temperature  deoxidation  step. 


2.  Experimental  details 

For  all  the  studies  reported  here.  ( KKt)  ori¬ 
ented  Si  substrates  which  are  misoriented  9°  to¬ 
wards  (110)  were  used.  The  cleaning  process  is 
very  similar  to  that  outlined  in  ref.  [8).  Before  the 
substrates  were  loaded  into  the  reactor,  the  na¬ 
tive  oxide  was  removed  in  HE :  methanol  ( 1 : 5  by 
volume)  solution  [9].  Ge  growth  on  Si  was  carried 
out  by  the  decomposition  of  GcHj  [lO]  in  a  2 
inch  diameter  horizontal  reactor  operated  at  at¬ 
mospheric  pressure.  No  load  lock  or  glove  box 
was  present  and  therefore  the  reactor  was  ex¬ 
posed  to  air  and  moisture  during  sample  loading. 
Pd-purified  H,  was  used  as  the  carrier  gas  and 


the  growth  temperature  was  varied  from  420  to 
7(X)°C.  CdTe  and  ZnTe  films  were  grown  in  the 
same  reactor  on  Ge/Si  substrates  using  dimethyl- 
cadmium  (DMCd).  dimethylzinc  (DMZn)  and  di- 
ethyltellurium  (DETe)  as  the  precursors.  The 
CdTe  growth  temperature  was  36()°C  and  that  of 
ZnTe  was  420°C.  The  thickness  of  the  Ge  layer 
was  measured  using  a  Tecon  a-step  profiler  by 
.selectively  etching  the  Ge  layer. 


3.  Results  and  discussions 

/.  Ge  growth 

We  initially  investigated  the  heteroepitaxy  of 
Ge  on  Si  at  various  temperatures  from  420  to 
7(K)°C.  Layers  grown  at  higher  temperatures  had 
rough  surface  morphology,  whereas  those  grown 
at  lower  temperature  had  smooth  surface.  How¬ 
ever.  the  growth  rate  at  lower  temperature  was 
not  high  enough  to  grow  thick  layers.  The  rough 
surface  morphology  we  found  at  higher  tempera¬ 
ture  may  be  caused  by  surface  contamination  of 
the  starting  Si  substrate  during  heat  up.  When  Si 
is  heated  to  higher  temperature  for  growth.  Si 
oxidation  is  very  likely  caused  by  desorbed  O, 
and  moisture  from  the  reactor  walls,  and  any 
residual  contaminations  from  the  H,  gas.  Growth 
on  such  a  substrate  will  result  in  pixtr  quality 
films.  In  addition.  Ge  growth  on  Si  is  known  to 
occur  by  the  formation  of  three-dimensional  is¬ 
lands  at  higher  temperatures  [11],  which  finally 
coalesce  to  form  a  continuous  film.  This  also  will 
give  rise  to  rough  surface  as  shown  in  Fig.  1. 

We  developed  a  two-step  growth  process  to 
obtain  perfectly  specular  Ge  on  Si  substrates. 
First,  a  .3(K)  A  thick  layer  of  Ge  was  grown  at 
42()-45()°C  range,  followed  by  a  thicker  layer  at 
65()°C.  This  growth  process  resulted  in  Ge  layers 
with  specular  surfaces  and  good  crystal  quality. 
The  results  are  shown  in  Fig.  2.  For  example,  for 
a  1  /am  thick  Ge  grown  with  the  two-step  prcKess. 
the  X-ray  FWHM  of  (004)  reflection  was  only  140 
arc  sec,  whereas  1  fim  thick  Ge  grown  directly  at 
63()°C  had  FWHM  of  350  arc  sec.  As  shown  in 
Fig.  1,  the  surface  morphology  was  excellent  for 
Ge  grown  with  the  two-step  process.  The  better 
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crystal  quality  and  the  surface  morphology  can  be 
explained  as  follows.  Ge  growth  at  low  tempera¬ 
ture  results  in  two-dimensional  nucleation.  as 
demonstrated  by  Cunningham  et  al.  [I  I]  in  UHV 
CVD  growth  studies.  In  addition,  the  low  temper¬ 
ature  grown  Ge  layer  protects  the  reactive  Si 
surface  from  the  contaminants  (O,,  CO,  or  mois¬ 
ture)  in  the  reactor.  Since  GeO  is  unstable  at 
high  temperature,  any  GeO  will  desorb  at  the 
higher  growth  temperature. 

.?.2  CdTe  growth 

After  the  Ge  growth.  CdTe  layers  were  grown 
in  the  temperature  range  of  360  to  450°C.  It  is 


l  lg.  I.  Surface  morphology  of  1  ^im  thick  Ge  layer  grown  on 
(l(KI)Si.  (a)  I  iim  thick  Ge  grown  directly  at  h.SirC.  (b)  I  /rm 
thick  Ge  layer  grown  using  the  two-step  priK’css:  a  .WO  A  thick 
Gc  at  4.S(f('  followed  by  I  fim  thick  Ge  at  fi.SlfC.  The  marker 
represents  25  pm. 


Fig.  2.  Double-crystal  .\-ray  FWHM  of  Gc  layers  grown  on  Si 
substrates. 

well  known  that  direct  growth  of  CdTe  on  Si  or 
GaAs  can  result  in  both  (100)  and  (111)  oriented 
layers,  depending  on  the  initial  nucleation  condi¬ 
tions.  Hence,  it  is  very  likely  that  a  ( KM))  oriented 
wafers  may  have  small  percentage  of  ( 1 1 1 )  phase 
as  well.  This  may  be  the  cause  for  the  pyramidal 
hillocks  generally  ob.served  on  the  surface  when 
direct  growth  of  CdTe  is  carried  out  on  GaAs  [7]. 
However,  ZnTe  on  the  above  substrate  always 
resulted  in  (1(X))  oriented  layers  with  significant 
improvement  in  surface  morphology  and  crystal 
quality  as  well.  Hence,  prior  to  CdTe  growth  a 
thin  layer  of  ZnTe  was  grown  on  Ge  to  force 
( 100)  CdTe  nucleation.  All  the  CdTe  growths  we 
report  here  are  with  the  ZnTe  nucleation  layer. 

Fig.  3  shows  the  X-ray  FWHM  of  ((M)4)  reflec¬ 
tion  of  CdTe  as  a  function  of  thickness,  grown 
with  ZnTe/Ge  interfacial  layers.  These  results 
represent  the  highest  crystalline  quality  ever  ob¬ 
tained  for  CdTe  on  Si  .substrates  grown  in  a 
single  OMVPE  reactor.  Similar  results  were  only 
obtained  earlier  by  using  GaAs/Si  commercial 
wafers  [1].  The  results  are  comparable  in  quality 
to  the  recent  results  on  CdTe,  grown  on  ZnTe/Si 
substrates  using  MBE  [12].  Fig.  4  shows  the  No- 
marski  contrast  micrograph  of  a  4  /im  thick  CdTe 
layer  grown  on  Si,  indicating  the  excellent  surface 
morphology.  Such  smooth  surfaces  were  obtained 


H’.-.V.  /.  Hluti  /  Journal  ofCnslal  (inmih  US  i  19*44)  4J-47 


4f> 


S(K>p 


^  4{)0 


Gf  butter  la>er 
o  500  A 
A  0  3  um 
•  I  0  um 


O 

O  O 

*% 


Thickness  i  pm  ) 

Fig.  .1.  Douhle-crvstal  X-ray  FWIIM  of  CdTe  layers  grown  on 
ZnTe/Cie/Si  as  a  function  of  C'dTe  thickness. 


only  on  9°  misoriented  (l(K))  wafers.  Growth  on 
non-misoriented  (100)  wafers  resulted  in  rough 
surface,  with  antiphase  domains. 

In  order  to  understand  the  role  of  Ge  interfa¬ 
cial  layer,  we  carried  oui  some  direct  growth  of 
CdTe  on  Si.  The  CdTe  films  directly  grown  on  Si 
substrates  were  always  (111)  oriented  polycrystals 
when  the  growth  temperatures  were  in  the  range 
*  KH)  to  45()°C  [7].  The  absence  of  epitaxial  growth 


Fig.  4.  Surface  morphology  of  4  thick  CdTe  layer  grown 
on  (KKDSi.  misoriented  4"  towards  (110).  The  marker  repre¬ 
sents  25  rrm. 


may  be  caused  by  two  reasons.  First,  the  Si  sur¬ 
face  may  be  covered  with  sub-monolayer  native 
oxide  even  after  the  HF  etch.  There  are  many 
reports  in  the  literature  which  show  that  HF 
etched  Si  is  passivated  with  hydrogen  [1.7].  and 
oxide-free  surface  can  be  obtained  if  loaded 
quickly  into  an  UHV  chamber.  However,  pres¬ 
ence  of  sub-monolayer  oxide  cannot  be  com¬ 
pletely  ruled  out  due  to  variations  in  the  process¬ 
ing  conditions.  For  example,  we  used  an  atmo¬ 
spheric  pressure  reactor  without  a  load-lock,  so 
that  Si  surface  oxidation  during  heat-up  is  very 
likely  from  the  adsorbed  O,  and  moisture  on  the 
reactor  wall. 

A  second  reason  for  the  polycrystalline  CdTe 
growth  can  be  the  presence  of  strong  Si-H  bonds 
which  are  stable  up  to  about  520°C.  Epitaxial  Si 
growth  has  been  demonstrated  on  hydrogen  pas¬ 
sivated  Si  in  MBE  at  37()°C  [14].  much  below  the 
hydrogen  desorption  temperature.  However,  in 
another  .study  [15].  the  authors  have  shown  that 
introduction  of  =10“''  Torr  of  hydrogen  during 
MBE  growth  could  suppress  (100)  Si  epitaxy  and 
this  was  attributed  to  hydrogen  segregation  up  to 
the  monolayer  level  on  Si  surface.  Even  though 
the.se  results  eannot  be  directly  extended  to  CdTe 
growth,  we  postulate  that  hydrogen  coverage  of  Si 
is  partially  responsible  for  non-epitaxial  CdTe 
growth.  If  H.  coverage  is  not  perfect,  there  will 
be  nucleation  sites  for  polycrystalline  CdTe 
growth.  Otherwise,  a  perfect  H-  coverage  may- 
result  in  amorphous  CdTe.  provided  the  growth 
temperature  is  low.  On  recrystallization,  this 
amorphous  CdTe  may  give  rise  to  (111)  CdTe. 
since  (111)  is  the  natural  growth  plane  for  CdTe. 
A  systematic  study  in  a  MBE  system  with  and 
without  H.  passivation  should  be  carried  out  to 
confirm  this. 

As  mentioned  above,  a  high  temperature  treat¬ 
ment  to  desorb  native  oxides  cannot  be  used  in 
our  system.  Even  when  a  “clean  "  surface  is  ob¬ 
tained,  the  presence  of  H,  may  hinder  the  growth 
of  epitaxial  (1(X))  CdTe  on  (l(K))Si.  When  we  used 
germane  gas.  it  reduces  SiO,  to  Si  forming  GeO 
[16,17]  which  is  volatile  and  desorbs.  Since  the 
Ge-H  bond  is  weaker  than  the  Si-H  bond,  the 
presenee  of  hydrogen  does  not  affect  the  Cdl'e 
growth  on  Ge. 
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4.  Conclusion 

We  have  shown  that  high  quality  CdTc  can  he 
grown  on  Si  substrates  in  a  single  atmospheric 
pressure  OMVPE  reactor  without  using  commer¬ 
cially  available  GaAs/Si  wafers.  The  growths 
were  carried  out  in  a  simple  horizontal  reactor 
without  any  load  lock  system.  Prior  to  CdTe 
growth,  a  thin  Ge  layer  was  grown  using  germane, 
which  facilitated  desorption  of  Si  native  oxide  at 
low  temperature.  A  4  /am  thick  CdTe  on  Si  had 
an  X-ray  FWHM  of  260  arc  sec,  demonstrating 
the  e.xcellent  quality  of  the  layers.  A  complete 
HgCdTe/CdTe/Si  structure  can  now  be  grown 
in  a  single  OMVPE  reactor  for  the  fabrication  of 
infrared  focal  plane  arrays. 
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Abstract 

The  properties  of  moleeular  beam  epitaxial  growth  of  ZnSe  epilayers  deposited  directly  on  a  (iaAs  substrate  are 
compared  to  those  grown  on  a  CiaAs  buffer  layer.  The  superior  quality  of  the  latter  is  confirmed  by  RHFF.D.  TEM 
and  X-ray  diffraction.  Based  on  RHEED  oscillation  studies,  a  model  explaining  the  dependence  of  the  ZnSe  growth 
rate  on  Zn  and  Se  duxes  and  the  substrate  temperature  is  developed  taking  into  account  physi-  and  chemisorbed 
slates.  For  partially  relaxed  epilayers.  the  correlation  between  the  relaxation  stale  and  the  crystalline  mosaieily.  as 
found  by  high  resolution  X-ray  diffriiction.  is  discussed. 


1.  Introduction 

I  he  growth  of  ZnSe  layers  on  GaAs  substrates 
is  of  high  practical  importance  due  to  the  applica¬ 
tion  in  blue-green  emitting  laser  structures  [1.2]. 
Recently  even  room  temperature  CW  lasing  has 
been  reported  [.■?].  Tt)  trbttiin  long  term  stable 
lasing,  the  growth  conditions  have  to  be  opti¬ 
mized  in  order  to  improve  the  interface  quality 
and  to  reduce  the  dislocation  density.  Rellection 
high-energy  electron  diffraction  (RHEED).  as  a 
surface  sensitive  method,  is  a  powerful  tool  for 
studying  the  growth  conditions  in  situ.  Observing 
the  changes  of  RHIiEI)  patterns,  a  phase  dia- 


(  orrespotuling  aiilhor, 


gram  of  the  surface  growth  conditions  was  ob- 
tained  [4].  Diffusion  lengths  of  Zn  and  Se  have 
been  determined  by  RHEED  oscillatitm  studies 
during  ZnSe  growth  on  slightly  misoriented  GaAs 
substrates  [.Sj.  The  quality  of  ZnSe/GaAs  inter¬ 
faces  has  been  proved  by  trtmsmission  electron 
microscopy  (  TEM)  [bj.  but  only  recently  were 
systematic  studies  of  the  initial  growth  conditions 
performed  [7.8]. 

Despite  the  problem  of  lattice  mismatch  be¬ 
tween  ZnSe  and  GaAs.  an  important  question  is 
how  a  GaAs  buffer  layer  deposited  prior  to  ll-VI 
growth  influences  the  crystalline  quality.  Tt>  an¬ 
swer  this,  high-resolution  X-ray  diffraction  mea¬ 
surements  of  epilayer  and  quantum  well  struc¬ 
tures  have  been  performed  and  results  correlated 
to  cross-sectional  TEM  images.  Further  on.  a 
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ZnSc  growth  model  has  been  developed  based  on 
in  situ  RHEED  oseillation  studies.  It  will  be 
shown  further  on  that  X-ray  diffraction  is  a  pow¬ 
erful  tool  for  studying  partly  relaxed  epilayers 
and  that  by  this  non-destructive  method  a  corre¬ 
lation  between  the  relaxation  state  of  the  epilaycr 
and  its  mosaicity  can  be  obtained. 


2.  Sample  preparation  and  experimental  results 

All  studied  epilayers  and  quantum  well  struc¬ 
tures  have  been  grown  by  molecular  beam  epitaxy 
(MBE)  in  a  6-chamber  Riber  system.  A 

GaAs  chamber  has  been  adapted  recently  to  the 
three  Il-Vl  growth  chambers.  They  all  are  con¬ 
nected  via  an  UHV  module  track  to  an  analytical 
(XPS.  AES)  and  a  metallization  chamber.  Ele¬ 
mental  Se.  Zn  and  Cd  have  been  used  as  .source 
materials  (Asahi  Osaka).  Lattice  matched  ZnS, 
Se,  has  been  grown  using  a  compound  ZnS 
source.  The  Se:Zn  tlux  ratio  has  been  varied 
between  1  :  1  (Zn-rich  growth  with  c(2  x  2) 
RHEED  reconstruction)  and  2:1  (Sc-rich.  (2  X 
D).  Better  growth  has  been  achieved  in  the  latter 
case,  and  thus  results  reported  here  have  been 
obtained  under  Se-rich  conditions.  The  substrate 
temperature  was  usually  kept  at  .')(K)’C.  The 
growth  rale  was  typically  ()..1.6  /zm/h. 

The  studied  RHEED  patterns  generated  by  a 
keV  electron  gun  were  monitored  by  a  CCD 
camera  and  stored  by  a  video  recorder.  A  6-crystal 
diffractometer  consisting  of  a  four-retlection  Bar¬ 
tels  monochromator  (4  x  Ge  220),  an  analyser 
crystal  (Si  111)  and  the  sample  itself  were  used 
for  high-resolution  X-ray  diffraction.  Details 
about  the  TEM  imaging  used  can  be  found  else¬ 
where  [9]. 


3.  ZnSe  growth  on  (iaAs  substrates  and  (>aAs 
bufTer  layers 

Studies  of  the  RHEED  pattern,  especially  in 
the  first  10-1,6  min  after  the  growth  started,  allow 
a  qualitatively  good  prediction  of  the  interface 
and  crystalline  quality.  The  problem  with  the 
growth  directly  on  a  GaAs  substrate  is  connected 


ZnSe 


Ga.As  substrate 


Fig.  1.  High  density  of  dislocations  in  the  first  1'”'  nm  of  a 
ZnSe  epilaycr  grown  directly  on  a  (llHi)  GaAs  substrate  ttop). 
Fven  under  optimized  growth  conditions  the  interface  region 
is  far  from  being  dislocation  free  (bottom). 


with  a  sufficient  o.xygen  desorption  prior  to 
growth.  As  long  as  this  cannot  be  done  under  As 
partial  pressure,  which  is  not  possible  in  a  11- VI 
chamber  due  to  cross-contamination,  the  sub¬ 
strate  surface  either  becomes  Ga-rich  or  still  con¬ 
tains  some  oxygen,  as  found  by  XPS  studies  [10]. 
Under  such  conditions,  fully  reproducible  and 
reliable  sample  preparation  is  not  possible.  Typi¬ 
cal  cross-sectional  TEM  images  are  seen  in  Fig.  I. 
In  the  first  300  nm  from  the  ZnSe/GaAs  inter¬ 
face.  the  density  of  dislocations  is  very  high  (Fig. 
1.  top),  but  there  are  only  a  few  dislocations 
reaching  the  epilaycr  surface.  This  is  in  line  with 
the  RHEED  observation  that  after  .s-iO  min  the 
surfaces  recover  and  two-dimensional  patterns 
are  observed  again.  Even  for  the  be.st  ZnSc  epi- 
laycrs  grown  directly  on  the  GaAs  substrate,  the 
interface  region  is  still  characterized  by  many 
dislocations  (Fig.  1.  bottom). 

The  dependence  of  the  full  width  at  half  maxi¬ 
mum  (FWHM)  of  the  ((H)4)  reflection  in  X-ray 
diffraction  as  a  function  of  epilaycr  thickness  is 
given  in  Fig.  2.  A  thin,  completely  strained,  pseu- 
domorphic  layer  (150  nm)  has  the  same  FWHM 
(109  arc  sec)  as  a  .6  ;um  thick,  fully  relaxed  layer 
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Fii:.  i;.  Dependence  of  the  rocking  ciir\e  FWUM  on  the 
epilayer  thickness.  For  thin  pseudomorphic  (150  nm)  and 
thick,  fully  relaxed  (5.2  /rtn)  epilayers.  the  same  values  are 
obtained  due  to  neglectable  misfit  dislocations. 

(115  arc  see).  In  both  cases  misfit  dislocations 
cither  do  not  exist  or  can  be  neglected. 

A  completely  different  situation  takes  place 
when  the  substrate  is  covered  by  a  GaAs  buffer 
layer.  A  much  better  quality  of  the  interfaces  can 
be  obtained.  This  is  confirmed  by  TEM  and  X-ray 
diffraction  where  the  FWHM  of  a  1  ^xm  thick 
ZnSe  epilayer  could  be  improved  from  about  350 
to  220  arc  sec,  a  value  far  below  the  curve  given 
in  Fig.  2.  Also,  nearly  lattice  matched  ternary 
ZnS.Se,  _ ,  epilayers  (850  nm)  with  x  =  4.8'/f  and 
a  004  FWHM  as  narrow  as  32  arc  sec  have  been 
grown  on  a  GaAs  buffer  (Fig.  3).  The  best  value 
we  obtained  without  buffer  was  1 10  arc  sec. 

4.  RHFED  model  of  ZnSe  growth 

The  following  investigations  were  made  in  or¬ 
der  to  determine  the  dependence  of  ZnSe  growth 
rate  from  the  three  parameters  Zn  flux.  Se  Oux 
and  substrate  temperature.  A  model  was  u.scd  in 
which  scattering  processes  of  atoms  during  diffu¬ 
sion  in  the  precursor  state  can  be  taken  into 
account.  It  will  be  shown  that  the  observations 
agree  well  with  model  calculations.  In  this  model 
the  following  processes  (as  shown  in  Fig.  4  for 


Fig.  3.  For  a  nearly  lallice-malchcd  ZoS  ,.,Sei,i,<  la\er  grown 
on  a  CiaAs  buffer,  a  rocking  curve  half-widih  as  narrow  as  .'2 
arc  sec  has  been  obtained, 


one  of  the  two  species.  Zn  or  Se)  with  the  de¬ 
scribed  probabilities  are  included: 

•  entering  the  precursor  state  (with  the  probabil¬ 
ity  1): 

•  diffusion  in  the  precursoi  state  ( and  pi,,); 

•  scattering  in  the  precursor  state,  causing 
chemis.yrption  { pj  or  desorption  from  the  pre¬ 
cursor  state  (  pj  and  p||); 

•  desorption  of  localized  adatoms  from  the 
chemisorbed  state  ( p,i^i, ). 


•Mitering  ll.e  precursor  stale 

Pd, eh  f''’ 


Fig.  4.  Model  for  the  MBFi  growth  process.  For  one  kind  o\ 
species  the  probabilities  for  adsorption,  desorption  and  diffu¬ 
sion  at  a  scattering  event  are  shown.  Scattering  of  this  atom 
on  a  surface  covered  with  the  other  species  is  labelled  with  p. 
and  on  a  surface  covered  with  the  same  kind  of  species  with 
P' 
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the  calculations  will  cause  changes  for  the  func¬ 
tion  «(  /s)  above  =  ?>W°C.  The  shown  depen¬ 
dence  of  growth  rate  on  the  flux  and  substrate 
temperature  will  not  be  affected  by  these  consid¬ 
erations  [11]. 


5.  ZnSe/GaAs  relaxation  process  studied  by 
high-resolution  X-ray  diffraction 

The  relaxation  process  of  ZnSe  layers  grown 
directly  on  GaAs  substrates  has  beeii  investigated 
by  X-ray  diffraction.  Fig.  6  shows  th<'  (()t)4)  recip¬ 
rocal  space  map  of  a  310  nm  thick  epilayer.  In  the 
contour  plot,  the  logarithm  of  the  intensity  as  a 
function  of  the  coordinates  in  reciprocal  space  is 
expressed  in  terms  r)f  the  non-integer  Miller  in¬ 
dices  It  and  /. 

The  triangular  shape  of  the  reciprocal  lattice 
point  (RLP)  of  the  layer  was  found  t<'  be  charac¬ 
teristic  for  partially  relaxed  layers.  Ihe  coexis¬ 
tence  of  different  strain  states  in  the  epilayer 
causes  a  broadening  of  the  RLP  parallel  to  the 
surface  normal  [001 J.  In  addition,  the  distortion 
observed  perpendicular  to  the  [(K)l]  direction  can 
be  related  to  mosaicity.  A  mosaic  crystal  is  an 
ensemble  of  perfect  crystal  blocks  whose  lattice 
planes  arc  tilted  with  respect  to  each  other  and 
whose  bUtck  sizes  vary  around  a  mean  value. 
Here  the  mosaic  block  size  is  in  the  range  of 
tenths  of  jum.  and  the  maximum  tilt  angle  is  2(M) 


.<1.111  .(I.IM)5  III)  U.IHl.b  (Mil 


|hh()  I 

Fig.  f>.  Kcciprocal  space  map  ol  ihc  rcncctiMiv  The 

ci)ntour  ploi  on  a  logarithmic  scale  shovvs  the  scattered  inten¬ 
sity  as  a  function  \>f  the  real  Miller  indices  h  and  /.  acei»rding 
to  the  a/imuih  reference  lIH>)  and  the  surface  normal  (iHtl], 

Suhsiiliary  line  along  surface  normal:  ( . )  T\Hald 

sphere:  ( - )  relaxation-mosaiciiy  triangle. 

arc  sec.  I'he  corresponding  brotidening  enhances 
with  increasing  /-values,  or  eguivaicntly.  with  pro¬ 
gressive  relaxation.  Such  a  direct  relation  be¬ 
tween  the  relaxation  state  and  structural  imper¬ 
fection  (mosaicity)  h;is  been  predicted  theoreti- 


Fig.  7  Measured  and  simulated  curves  (or  a  scan  ali»ng  (he  surface  normal  through  the  (fNMi  rcciprotal  lattice  point  (a),  and  ilcpth 
dcpernlencc  ot  the  mosaicilv  ohiained  tor  this  strain  profile  (h) 
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cally  [12],  but  not  confirmed  experimentally  by 
studies  of  a  single  layi.r.  This  non-destructive 
method  of  reciprocal  space  mapping  allows  such 
a  direct  correlation  to  be  established. 

Laterally,  the  studied  partially  relaxed  layer 
was  found  to  be  homogeneous.  Thus  the  coexis¬ 
tence  of  different  strain  states  is  caused  by  a 
depth  profile  of  the  strain.  This  profile  can  be 
determined  quantitatively  by  comparing  a  mea¬ 
sured  diffraction  profile  to  a  dynamic  simulation. 
Fig.  7a  shows  a  measured  and  a  simulated  curve 
for  a  scan  along  the  surface  normal  through  the 
(004)  RPL.  The  dynamic  simulation  was  carried 
out  using  the  formalism  developed  by  Bartels  et 
al.  [1.4].  The  influence  of  the  apparatus,  both 
polarization  states  and  the  background  was  taken 
into  account.  (For  details,  see  ref.  [14].)  The 
asymmetry  of  the  layer  peak  is  caused  by  the 
depth  profile  of  the  strain.  To  obtain  good  agree¬ 
ment  between  the  measured  and  simulated  curves, 
a  full  lattice  match  has  been  assumed  until  at  a 
layer  thickness  of  170  nm  the  relaxation  process 
starts.  This  value  of  the  critical  thickness  for 
ZnSe  growth  on  GaAs  is  in  good  agreement  with 
other  published  data  [1.4,16]. 

Knowing  the  strain  gradient  and  the  correla¬ 
tion  between  strain  and  mosaicity.  it  is  possible  to 
derive  a  depth  profile  of  mosaicity.  For  this. 
<a-scans  perpendicular  to  the  scattering  vector 
have  been  performed.  Their  FWHM  is  a  measure 
of  the  mean  tilt  angle  between  the  various  mosaic 
blocks.  Therefore,  mosaicity  can  be  related  also 
quantitatively  to  the  strain  state  (determined  from 
the  intersection  of  the  corresponding  <u-scan,s  with 
the  surface  normal).  Using  the  strain  gradient 
di.scus.sed  above,  the  depth  dependence  of  the 
mosaicity  has  been  obtained  (Fig.  7b).  F\)r  the 
ZnSe  epilayer  studied  the  increase  of  mosaicity 
starts  at  the  critical  thickness  and  saturates  at  a 
strain  parameter  of  y  =  0.6.  This  agrees  well  with 
the  minimum  strain  state  at  the  layer  top  derived 
from  the  simulation. 


6.  Conclusions 

The  quality  of  ZnSe  and  ZnSjSe,  ,  epilayers 
grown  directly  on  GaAs  substrates  has  been  anal¬ 


ysed  versus  those  grown  on  a  GaAs  buffer  layer. 
Based  on  RFIEED,  TEM  and  X-ray  diffraction 
studies,  a  significantly  higher  ZnSe/GaAs  inter¬ 
face  quality  can  be  obtained  in  the  latter  case. 
Based  on  RFIEED  oscillation  studies,  a  model  for 
the  growth  rate  dependences  of  ZnSe  has  been 
developed.  Using  high-resolution  X-ray  diffrac¬ 
tion,  a  correlation  between  the  relaxation  state 
and  the  mosaicity  was  found  for  partially  relaxed 
ZnSe  layers.  The  depth  profile  of  the  strain  can 
be  studied  by  this  non-destructive  method  of  re¬ 
ciprocal  space  mapping. 
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Surface  engineering  during  molecular  beam  epitaxial  growth 
of  wide-gap  II-VI  structures 
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Abstract 

Systematic  investigations  have  been  carried  out  in  order  to  control  the  surface  mi'rphology  of  ZnSe  and  related 
compounds,  Rough  surfaces  can  be  smoothed  by  means  of  growth  interruptions.  The  smoothing  cif  the  surface  is 
relleeted  in  the  halfwidth  of  the  intensity  distribution  along  the  00  rod  of  the  rellection  htgh-energy  electron 
diffraction  (RHEED)  pattern.  Reduction  of  the  halfwidth  is  observed  to  occur  within  times  of  less  than  a  minute;  a 
fast  process  removes  short  range  disturbances  of  the  surface  morphology,  A  more  detailed  analysis  of  the  intensity 
distribution  reveals  a  fine  structure.  From  this,  it  can  he  derived  that  the  distance  of  surface  terraces  is  made 
uniform  during  the  growth  interruption,  but  this  takes  several  minutes:  a  slow  process  removes  long  range 
disturbances.  Degree  and  time  dependence  of  surface  smoothing  are  inlluenced  by  the  beam  equivalent  pressure 
ratio  during  layer  growth. 


I.  Introduction 

Molecular  beam  epitaxy  (MBE)  grown  wide- 
gap  II-VI  materials  are  prttmising  eandidates  lor 
blue  light  emitting  devices  [1-.^].  Advanced  de¬ 
vice  structures  require  ultrathin  layers  y)l'  well 
defined  dimensions  with  sharp  interfaces.  Flat 
surfaces  are  a  pre-requisite  to  produce  sharp 
interfaces.  Furthermore,  starting  the  growth  tm  a 
flat  surface.  RFIEED  oscillations  occur  and  can 
be  taken  to  control  layer  thicknesses.  Growing  a 
thick  layer,  however,  the  surface  becomes  rough 
due  to  growth  tluctuations.  The  surface  must 
therefore  be  smoothed.  Rough  surfaces  can  be 
smoothed  by  means  of  growth  interruptions.  In 
the  case  of  ZnSc.  the  basic  wide-gap  II-VI  com- 


( (trrcsponiling  iiuthor. 


pound,  growth  interruptions  turned  out  to  be 
most  efficient  if  the  Zn  source  is  closed  while  the 
Se  source  is  kept  open  [4].  What  is  going  on 
during  growth  interruptions  can  be  investigated 
by  means  of  RHHFD  rellection  profile  analysis 
[.5.6].  Here,  the  intensity  distribution  along  the  IMI 
rod  is  measured.  Smoothing  the  surface  yields  a 
reduction  of  the  halfwidlh  of  the  intensity  distri¬ 
bution.  Furthermore,  the  fine  structure  revealed 
within  the  intensity  distributiyin  can  be  exploited 
to  estimate  the  average  distance  of  surface  ter¬ 
races  [7], 


2.  Experiments 

ZnSe  layers  have  been  grown  on  almost  exactly 
(001)  oriented  GaAs  epi-ready  substrates  in  a 
DCA  .l-SO  MBF.  system.  The  growth  ctmditions 
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have  been  changed  between  stoichiometric  and 
Se-rieh.  Se-rich  conditions  mean  that  a  well-de¬ 
veloped  (1x2)  reconstruction  of  the  RHEED 
pattern  is  solely  seen.  The  term  stoichiometric 
refers  to  conditions  where  a  c(2  x  2)  reconstruc¬ 


tion  as  well  as  a  weaker  (1x2)  reconstruction  are 
seen  simultaneously  [4]. 

Fig.  la  shows  the  intensity  distribution  along 
the  00  rod  of  the  RHEED  pattern  (Fig.  lb).  This 
pattern  has  been  taken  during  the  growth  of 


0  100  200  300  400  500  600  0  100  200  300  400  500  600  0  100  200  300  400  500  600 

00  fO(1  CO  ordinate  (a  u  )  OO-rod  co  ordinate  (a  u  )  OO  rod  co  ordmafe  la  u  i 
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tion  I  min:  (t  )  growth  interruption  16  min. 
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Table  1 


Halfwidth  (a.u.)  of  the  intensity  distribution  along  the  (K)  rod 

Growth  conditions 

Stoichiometric 

Se-rich 

ZnSe  growth 

,s2 

47 

Interruption  1  min 

47 

4.4 

Interruption  lb  min 

4S 

4.4 

ZnSe  under  stoichiometric  conditions.  The  accel¬ 
eration  voltage  is  15  kV  and  the  azimuth  is  [110], 
Besides  the  reflection  itself,  the  shadow  edge  and 
the  peak  of  the  primary  electron  beam  are  clearly 
seen.  Herefrom,  the  angle  of  incidence  has  been 
derived  to  be  1.5°.  A  background  correction  has 
been  applied. 

Table  1  summarizes  the  halfwidths  of  the  in¬ 
tensity  distribution  during  growth,  after  a  growth 
interruption  of  1  min  duration,  and  after  a  growth 
interruption  of  16  min  duration.  The  samples 
have  been  grown  under  stoichiometric  and  Se-rich 
conditions,  respectively. 

The  halbvidth  reduces  during  the  first  minute 
of  the  growth  interruption,  but  it  remains  un¬ 
changed  during  the  next  15  min  of  interruption. 
The  process  that  is  reflected  in  the  reduction  of 
the  halfwidth  is  completed  after  1  min.  The 


smoothing  process  is  thought  to  consist  of  the 
re-evaporation  of  isolated  ad-atoms  and  of  the 
diffusion  of  atoms  along  the  edges  of  terraces, 
which  smoothes  the  edges.  In  general,  it  is  a  fast 
process,  removing  short  range  disturbances  of  the 
surface  morphology.  With  respect  to  this  process, 
no  difference  between  stoichiometric  and  Se-rich 
growth  conditions  has  been  observed. 

Figs.  2  and  3  show  the  intensity  distribution 
during  growth  and  after  a  growth  interruption  of 
1  min  and  16  min  duration  for  stoichiometric  and 
Se-rich  growth  conditions,  respectively.  The  reso¬ 
lution  of  the  reciprocal  space  .ixis  is  higher  than 
in  Fig.  la.  thus  making  it  possible  to  reveal  a  fine 
structure.  The  occurrence  of  a  fine  structure 
would  indicate  the  presence  of  surface  terraces  of 
regular  distances.  Here,  there  is  a  difference  be¬ 
tween  stoichiometric  and  Se-rich  growth  condi¬ 
tions.  The  case  of  stoichiometric  conditions  will 
be  discussed  first  (Fig.  2). 

During  growth  (Fig.  2a).  there  is  only  a  weak 
indication  of  a  fine  structure.  This  means  that  the 
terraces  occurring  and  disappearing  during 
growth  show  a  relatively  wide  distributii>n  in  size. 
After  1  min  interruption  (Fig.  2b).  a  fine  struc¬ 
ture  is  clearly  seen.  It  is.  however,  not  developed 
in  a  regular  manner.  The  terraces  ha\e  become 
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more  uniform,  but  several  diffraction  processes 
are  still  super-imposed.  Only  after  16  min  growth 
interruption  (Fig.  2c)  is  a  regular  fine  structure 
found,  which  indicates  the  terraces  to  have  been 
made  uniform.  The  distance  of  the  peaks  that 
form  the  fine  structure  shows  that  the  distance  of 
terraces  is  in  the  order  of  HK)  nm.  In  addition  to 
the  fast  process  mentioned  above,  there  is  a  slow 
process.  It  is  thought  to  consist  of  the  re-evapora¬ 
tion  of  whole  terraces  of  small  size  and  of  the 
diffusion  of  atoms  between  terraces  to  make  their 
distances  more  uniform.  In  general,  the  slow  pro¬ 
cess  removes  long  range  disturbances  of  the  sur¬ 
face  morphology  [8]. 

The  matter  seems  to  be  more  sophisticated  in 
the  case  of  Se-rich  growth  conditions  (Fig.  3).  A 
fine  structure  is  seen  during  growth  (Fig.  3a),  but 
it  is  totally  irregular.  In  principle,  it  is  the  same  as 
in  the  case  of  stoichiometric  growth  conditions: 
terraces  show  a  relatively  wide  distribution  in  size 
during  growth.  A  regular  fine  structure  is  found 
after  1  min  interruption  (Fig.  3b).  This  again 
indicates  the  terraces  to  have  been  made  uni¬ 
form.  Their  distance  is  also  in  the  same  order  of 
magnitude  like  above,  but  it  has  taken  less  time 
to  get  this  surface  morphology.  There  is  no  dis¬ 
tinction  between  a  fa.st  process  and  a  slow  pro¬ 
cess.  After  16  min  interruption  (Fig.  3c).  the  fine 
structure  seems  to  be  more  irregular  again.  This 
indicates  the  surface  morphology  to  have  become 
worse  in  too  long  a  growth  interruption.  The 
process  that  makes  the  morphology  worse  is  not 
yet  understood. 


3.  Conclusions 

RHHFD  reflection  profile  analysis  is  a  useful 
tool  to  get  detailed  information  on  the  surlacc 
morphology  during  growth  and  during  growth  in¬ 
terruptions.  What  is  going  on  during  a  growth 
interruption  with  a  ZnSe  sample  grown  under 
stoichiometric  conditions  can  be  explained  in 
terms  of  a  fast  process  and  a  slow  process  that 


remove  short  range  disturbances  and  long  range 
disturbances  of  the  surface  morphology,  respec¬ 
tively.  The  matter  is  less  clearly  understexjd  in  the 
ca.se  of  Sc-rich  growth  conditions.  However,  too 
long  a  growth  interruption  seems  to  make  the 
surface  more  rough  again. 

The  results  obtained  by  means  of  RHEED 
reflection  profile  analysis  agree  with  experience 
obtained  from  the  occurrence  of  RHEED  oscilla¬ 
tions.  In  order  to  get  RHEED  oscillations,  growth 
must  start  with  two-dimensional  nucleation.  In 
other  words,  nucleation  sites  that  compete  with 
two-dimensional  nucleation  should  be  removed. 
This  is  fulfilled  after  a  long  growth  interruption 
in  the  case  of  stoichiometric  growth  conditions.  A 
set  of  uniform  terraces  supplies  a  minimal  num¬ 
ber  of  nucleation  sites;  only  the  ledges  compete 
with  two-dimensional  nucleation.  The  best  devel¬ 
oped  RHEED  oscillations  have  actually  been  seen 
under  these  conditions. 

Further  investigations  that  interpret  the  inten¬ 
sity  distributions  by  statistical  means  are  in 
progress. 
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Abstract 

Molecular  beam  epitaxy  (MBE)  is  one  of  the  most  promising  methods  for  growth  of  sophisticated  device 
structures.  Starting  the  growth  on  a  tlat  surface,  reflection  high-energy  electron  diffraction  (RHEEDI  I'scillations 
occur.  The  question  which  phase  of  the  oscillations  corresponds  to  lattice  plane  completion  and  the  most  flat  surface 
morphology  is  not  yet  fully  resolved.  There  is  hardly  a  direct  aece.ss  to  the  answer.  Phase-locked  epitaxy  (Pl.E). 
however,  appears  to  he  a  tool  for  studying  this  phase  problem.  PEE  permits  the  growth  of  layers  without  losing 
RHEED  oscillations  due  to  damping  the  thickness  of  which  is  great  enough  to  become  measurable  by  common 
techniques.  This  enables  to  compare  the  directly  determined  layer  thickness  with  that  obtained  by  counting  the 
number  of  RHEED  oscillation  periods.  Results  are  presented  that  show  the  phase  relation  between  RllI-.l'D 
oscillations  and  lattice  plane  completion. 


1.  Introduction 

One  of  the  most  impvtrtanl  advantages  of  MBE 
is  that  the  technique  works  in  ultra-high  vacuum, 
permitting  simultatieous  performance  of  electron 
diffraction  experiments.  Most  pttpular  is  RHEED. 
RHEED  oscillations  are  frequently  used  to  moni¬ 
tor  layer  thicknesses.  However,  the  question  which 
phase  of  the  oscillations  corresponds  tt)  lattice 
plane  completion  and  the  most  Hat  surface  mor¬ 
phology  is  not  yet  fully  resttived.  neither  in  the 
field  of  III-V  semiconductor  compounds  nor  in 
the  field  of  11- VI  compounds  [IJ.  Eurthermore, 
only  a  limited  number  of  oscillations  can  be  seen 
due  to  damping.  This  means  that  the  growth  of 
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thicker  hiyers  canni>t  he  monitivred  by  means  i)f 
RHEED  oscillaiiims. 

PEE  [2..v]  helps  to  give  an  answer  to  the  phase 
problem  and  overcomes  the  damping  of  RHEED 
oscillations.  In  PEE  mode,  only  a  few  lattice- 
planes  are  grown.  Then,  the  surface  is  given  time 
to  smottih  during  ;i  growth  interruption,  and  so 
on.  Growth  and  growth  interruption  make  a  cy¬ 
cle.  The  shutter  operatitm  is  Kteked  onto  the 
phase  I'f  the  oscillations  observed.  During  growth 
interruptions,  the  Zn  source  is  closed  while  the 
Se  source  is  kept  open. 


2.  Experiments 

ZnSe  layers  have  been  grown  on  alnw'st  extictly 
(0(11)  oriented  (laAs  epi-ready  substrates  in  a 
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DCA  350  MBE  system  [4],  Buffer  layers  of  sev¬ 
eral  UK)  nm  thickness  were  grown  in  conventional 
MBE  mode  first.  After  a  growth  interruption  to 
smooth  the  surface  of  the  buffer  layer,  growth 
was  continued  in  PEE  mode. 

Fig.  1  shows  the  specular  beam  intensity  of  a 
sample  that  has  been  grown  using  40  cycles,  each 
consisting  of  3  oscillation  periods  and  10  s  inter¬ 
ruption.  The  .sample  has  been  grown  closing  the 
shutter  180°  after  the  3rd  maximum.  Even  the 
120th  period  is  well  seen.  Starting  growth,  the 
intensity  increases  in  contrast  to  what  seems  to  be 
common  for  111-V  materials.  The  lattice  planes 
arc  therefore  thought  to  become  complete  at  the 
oscillation  minimum  rather  than  at  the  maximum. 

Although  only  3  oscillation  periods  arc  seen 
per  cycle,  4  lattice  planes  are  grown.  This  has 
been  found  by  means  of  an  experiment  where  the 
thickne.ss  of  a  layer  was  determined  by  IR  inter¬ 
ferometry  and  compared  with  the  number  of  cy¬ 
cles  counted  [5].  The  growth  of  the  first  lattice 
plane  is  indicated  by  a  shoulder,  see  arrows  in  the 


figure.  The  figure  demonstrates  that  the  growth 
of  a  layer  of  45  nm  thickness  can  be  monitored  by 
means  of  RHEED  oscillations. 

To  amswer  the  question  which  phase  of 
RHEED  oscillations  actually  corresponds  to  lat¬ 
tice  plane  completion,  a  sample  has  been  grown 
that  is  drawn  schematically  in  Fig.  2.  ZnSe  layers 
have  been  grown  in  PEE  mode  closing  the  shutter 
90°.  180°,  270°  and  360°  after  the  3rd  oscillation 
maximum,  respectively.  Fig.  3  illustrates  what 
these  angles  refer  to.  In  addition,  one  layer  has 
been  grown  in  the  conventional  MBE  mode  for 
testing;  it  is  not  involved  in  the  current  discus¬ 
sion.  The  ZnSe  layers  arc  separated  by 
(Zn„j,2Cd|,  ,^)Se  layers  of  about  10  nm  thickness. 
The  thicknesses  of  the  ZnSe  layers  have  been 
measured  by  means  of  scanning  electron  mi¬ 
croscopy  using  a  cleavage  plane.  The  results  are 
summarized  in  Table  1.  The  phase  question  can 
now  easily  be  answered.  If  the  shutter  is  closed 
when  the  growth  of  a  lattice  plane  is  completed, 
an  integer  number  of  lattice  planes  will  be  grown 
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Fig.  2.  Schematic  drawing  of  the  sample  grown  to  answer  the 
phase  question. 


in  each  cycle.  Otherwise,  the  number  of  lattice 
planes  that  is  grown  per  cycle  is  fractional.  Obvi¬ 
ously.  it  is 

n  =  ld/ma,  (1) 
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Table  1 

Layer  thicknesses 


Layer 

Mode 

(nm) 

n 

1 

PLE.  90” 

12.S  +  4 

1.7  T  0.1 

2 

PLE.  ISO” 

1.19  +  7 

4.1  +0.2 

3 

PLE.  270° 

1.17  +  4 

4.0 +  0,1 

4 

Conventional  MBE  ' 

10.1  +  4 

- 

5 

PLE.  .tftO” 

141  +  7 

4.2  +0.2 

■'  Growth  rate  and  time  have  been  aimed  to  get  a  thickness  of 
iOO  nm. 


where  n  is  the  number  of  lattice  planes  grown 
per  cycle,  d  the  thickness  of  the  layer,  m  the 
number  of  cycles  and  a  the  lattice  constant.  The 
number  of  eyeles  has  been  chosen  to  be  120  and 
the  ZnSe  lattiee  constant  is  566.8  pm. 

In  the  case  of  layer  1  (see  Table  I),  n  has  a 
fractional  part  that  exceeds  the  error  range.  The 
shutter  has  not  been  closed  at  lattice  plane  com¬ 
pletion.  It  has  been  closed  before  completion  of 
the  4th  plane.  In  the  case  of  layer  5.  n  has  also  a 
remarkable  fractional  part.  The  shutter  has  been 
closed  after  completion  of  the  4th  plane.  The  3th 
plane  has  already  begun  to  grow.  In  the  case  of 
layers  2  and  3.  the  fractional  part  of  n  is  small  in 
comparison  with  the  error  range.  The  shutter  has 
been  closed  near  completion  of  the  4th  plane.  At 
the  diffraction  conditions  applied,  a  phase  of 
18()°-27()°  corresponds  to  lattice  plane  comple¬ 
tion. 


3.  Conclusions 

PLE  turned  out  to  be  a  good  technique  to 
overcome  the  damping  of  RHEED  oscillations. 
In  this  mode,  also  the  growth  of  thicker  layers 
can  be  monitored  by  means  of  RHEED  oscilla¬ 
tions.  Layers  can  be  grown  in  PLE  mode  with 
RHEED  monitoring,  the  thickness  of  which  is 
great  enough  to  become  measurable  by  means  of 
IR  interferometry  or  scanning  electron  mi¬ 
croscopy  on  cleavage  edges.  This  gives  the  possi¬ 
bility  to  answer  the  question  which  phase  of  the 
RHEED  oscillations  corresponds  to  lattice  plane 
completion.  Investigating  the  number  of  lattice 
planes  grown  per  cycle,  a  phase  between  18(1°  and 
270°  has  been  found  to  correspond  to  lattice 
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plane  completion.  With  this,  the  phase  problem  is 
solved,  at  least  for  the  diffraction  conditions  ap¬ 
plied  here. 

Further  investigations  with  narrower  phase  an¬ 
gle  step  width  and  elucidation  of  the  diffraction 
conditions  are  in  progress. 
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Abstract 

Short  period  supcriatticcs  with  structures  of  {(CdSc)„(ZnSe)|„)„,  with  n=  1-4  and  m=  1-30  were  grown  on 
GaAs(l(K))  substrates  using  an  atomic  layer  epitaxy  (ALE)  method  by  alternately  supplying  Zn.  Cd  and  Se  source 
beams  in  a  molecular  beam  epitaxy  (MBE)  system.  The  influence  of  source  llux  density,  shutter  opening  duration, 
buffer  layer  thickness  and  substrate  temperature  has  been  studied.  Satellite  peaks  due  to  the  superlattice  structures 
and  subpeaks  between  the  satellite  peaks  according  to  the  Lauc  functions  of  the  supcriatticcs  were  observed  in 
X-ray  diffraction  patterns.  Photolumincscence  (PL)  due  to  the  transitions  in  the  CdSe  quantum  wells  was  observed. 
The  well-width  dependence  of  the  PL  peak  energy  is  explained  by  the  Kronig-Penney  model. 


1.  Introduction 

Wide-gap  II-VI  compound  supcriatticcs  of 
CdSe/ZnSc  show  strong  cxciton  emissions  in  the 
blue-green  region  of  the  spectrum  [1],  and  are 
important  materials  for  the  active  layers  of  short 
wavelength  laser  diodes.  A  point  which  should  be 
noted  is  the  lattice  mismatch  between  the  two 
materials  of  as  large  as  The  large  mismatch 
induces  uniaxial  strain  and  reduces  the  degener¬ 
acy  of  the  valence  band  top.  The  large  mismatch 
also  brings  lattice  relaxation  of  a  strained  layer  to 
an  unstrained  layer  by  introducing  misfit  disloca¬ 
tions  when  a  layer  thickness  exceeds  the  critical 
thickness.  The  critical  thickness  of  quantum  wells 
in  the  CdSe/ZnSc  strained  layer  system  was  re¬ 
ported  to  be  of  order  4  monolayers  [2].  In  this 
paper,  we  describe  atomic  layer  epitaxy  (ALE)  of 
CdSc/ZnSe  short  period  supcriatticcs.  Atomic 


(‘ori'.‘spontlm>!  author. 


configurations  at  the  heterointerfacc  are  ex¬ 
pected  to  be  controlled  at  an  atomic  level  by 
ALE  technique.  The  influence  of  source  flux  den¬ 
sity,  shutter  opening  duration,  buffer  layer  thick¬ 
ness  and  substrate  temperature  will  be  described. 
X-ray  diffraction  and  photolumincscence  (PL) 
properties  of  >uperlatiices  with  different  thick- 
nes.scs  of  the  quantum  wells  and  different  num¬ 
bers  of  superlaiticc  periods  are  discussed. 


2.  Experiments 

ZnSe  and  CdSe  layers  were  grown  with  ALE 
method  by  supplying  source  beams  alternately  in 
an  MBE  system.  One  monolayer  per  cycle  growth 
of  ZnSe  was  obtained  in  the  range  of  substrate 
temperatures  of  2W)-,3f)()°C  on  CiaAsdlK))  sub¬ 
strates.  The  source-cell  shu’icr  opening  sequence 
for  one  monolayer  growth  was  as  follows:  Zn 
opened  for  4  s/all  shutters  closed  for  1  s/Se 
opened  for  4  s/all  shutte:'  closed  for  1  s.  The 
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growth  rate  was  confirmed  to  be  independent  of 
source  beam  intensities  in  the  range  of  (2-4)  X 
10'^  atoms  cm  ■  s  '  with  VI/II  ratio  of  about 
unity  for  a  substrate  temperature  of  280°C. 
Growth  conditions  of  CdSe  ALE  will  be  de¬ 
scribed  in  the  next  section. 

Short  period  superlattices  with  structures  of 
{(CdSe)„(ZnSe)|,|}„,  with  n  =  1-4  and  m  =  1-30 
were  grown  on  GaAs(lOO)  substrates  at  310°C. 
ZnSe  buffer  layers  of  different  thickness  were 
inserted  between  the  superlattice  and  the  sub¬ 
strate.  The  effects  of  the  Cd  beam  intensity, 
shutter  opening  duration  and  buffer  layer  thick¬ 
ness  on  the  quality  of  the  superlattices  were  stud¬ 
ied. 


3.  Results  and  discussion 

The  optimum  value  of  Cd  beam  intensity  was 
determined  by  monitoring  X-ray  diffraction  pat¬ 
terns  and  PL  spectra  of  samples  prepared  with  a 
shutter  opening  sequence  for  the  growth  of  su- 
perlattices  with  a  sfucture  of  {(CdSefdZnSe),,,),,,- 
The  buffer  layer  was  30-monolayer  ZnSe.  The 
intensities  of  the  Zn  and  Se  beams  were  3.4  x  10'“' 
cm  -  s~'.  and  the  shutter  opening  sequence  for 
the  ALE  growth  of  ZnSe  layers  was  as  described 
in  the  last  section.  The  shutter  sequence  for  one 
monolayer  growth  of  CdSe  was  as  follows:  Cd 
opened  for  4  s/all  shutters  closed  for  I  s/Se 
opened  for  8  s/all  shutters  closed  for  1  s.  Wc 
have  found  that  the  sticking  coefficient  of  Se 
atoms  on  the  Cd  surface  of  CdSe  is  smaller  than 
that  of  Se  atoms  on  the  Zn  surface  of  ZnSe  by  in 
situ  observation  of  the  specular  beam  intensity 
of  reflection  high-energy  electron  diffraction 
(RHEED).  The  details  will  be  reported  else¬ 
where.  Therefore,  we  doubled  the  Se  shutter 
opening  time  for  the  ALE  of  CdSe.  The  thickness 
of  one  cycle  of  the  supcrlatticc  was  estimated 
from  the  positions  of  satellite  peaks  of  X-ray 
diffraction  patterns.  Fig.  1  shows  the  onc-cyclc 
thicknesses  of  the  superlattices  prepared  with 
different  Cd  beam  intensities.  We  can  sec  that 
the  thickness  of  one  cycle  of  the  superlatticcs  is 
about  36.5  A  and  is  almost  independent  of  the  Cd 
beam  intensity  over  the  range  of  3  x  lO”  to  1  X 


Fig.  1.  One  cycle  wiclih  of  ((CdSe),(ZnSe)|ij)iii  superlaltiees 
prepared  with  different  C'd  beam  intensities.  The  dashed  and 
dot-dashed  lines  show  the  expected  values  for  superlattices 
coherently  grown  on  GaAs(HII))  and  fully  relaxed,  respec¬ 
tively.  The  vertical  bar  in  the  figure  indicates  one-monolayer 
thickness. 

10'^  cm"-  s  '.  The  period  of  the  superlattice 
coherently  grown  on  GaAsdOO)  substrate  is  cal¬ 
culated  to  be  35.10  A  by  using  the  lattice  con¬ 
stants  and  elastic  constants  given  in  Table  1.  and 
that  of  a  fully  relaxed  superlattice  is  calculated  to 
be  .34.34  A.  The  measured  value  is  in  good  agree¬ 
ment  with  the  calculated  one.  The  growth  rate  of 
the  CdSe  layers  was  independent  of  the  shutter¬ 
opening  durations  of  Cd  and  Se  over  the  range  of 
2-30  s  and  8-.30  s.  respectively. 


Tabic  I 

Physical  paramcicrs  of  ZnSc  and  CdSe  used  tor  the  calcula¬ 
tions 


Parameler  (unil) 

ZnSe 

t'dSe 

Lattice  constant  (A) 

,S.bh,S4 

h.in?  (.41 

Energy  gap  (eV) 

:.,s:i  0)  K)i4) 

1.7h.S  (0  K)[41 

Dielectric  constant,  e,, 

y.i 

10.2 

Electron  elteclive  mass  ( w,,) 

n.ih 

0.1,414) 

Hole  effective  mass  (w„) 

0.6 

0.4,S  (4| 

Elastic  constant  C , , 

S.IO 15| 

6.67  [6i 

(l()"'Nm  ’) 

Elastic  constant 

4.,ss  I.S) 

4.63  [6] 

(IO"’Nni  -’) 

Deformation  po.'ential  a  (eV) 

-4.17(71 

'  ,4.h(>4  |4) 

Deformation  piuential  h  (cV) 

-  i.:i7] 

-  O.S  141 

Valence-band  discontinuity 

0.2.4  |4J 

0.2,4  (41 
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Fig.  2.  Peak  energies  ot  PL  from  ((CdSe)2(ZnSe),„)^„  super- 
lattices  prepared  with  different  Cd  beam  intensities.  The 
dashed  line  indicates  a  peak  energy  expected  for  a  square 
quantum  well  with  a  thickness  of  2  monolayers  CdSe. 

Fig.  2  shows  PL  peak  energies  observed  from 
superlatiices  prepared  with  different  Cd  beam 
intensities.  When  the  Cd  beam  intensity  is  in  the 
range  of  1.8  x  10'''  to  1.2  x  10'“^  cm‘-  s  ',  the 
peak  energy  is  around  2.57  eV  and  is  indepen¬ 
dent  of  the  Cd  beam  intensity.  The  value  of  the 
peak  energy  is  in  agreement  with  the  value  calcu¬ 
lated  for  a  square  quantum  well  with  a  width 
correspon.ling  to  two  monolayers  of  CdSc.  as 
described  later.  The  energy  change  induced  by  a 
deviation  of  the  well  thickness  by  one  monolayer 
is  calculated  to  be  0.14  eV.  as  can  be  seen  later  in 
Fig.  4.  This  result  indicates  that  one  monolayer 
growth  of  Cd.Se  per  cycle  of  the  shutter  sequence 
of  "Cd  =  4  s/pau.sc  =  1  s/.Sc  =  8  s/pausc  =  1  s" 
was  realized  with  the  Cd  beam  intensities.  When 
the  Cd  beam  intensity  departed  from  the  opti¬ 
mum  range  to  the  lower  side,  the  PL  peak  energy 
became  higher  than  the  expected  value.  This 
means  that  the  effective  width  of  the  quantum 
well  becomes  narrower  with  decreasing  Cd  beam 
intensity.  The  thickness  of  one  cycle  of  the  super¬ 
lattice.  however,  did  not  change,  as  can  be  seen 
in  Fig.  1.  The  discrepancy  between  the  data  of 
X-ray  diffraction  and  PL  measurement  can  be 
explained  as  follows:  When  the  Cd  beam  intensity 
decreases,  the  quantum  well  of  CdSe  is  deficient 


NUMBER  OF  CdSe  LAVERS 

Fig.  X-ray  diffraction  angles  20  of  satellite  peaks  t>t 
{(CdSe)„(ZnSe),,,}3,,  superlattices  on  Ga  \<M00)  substrates  as 
a  function  of  the  numbers  of  CdSe  la>w»s.  The  solid  and 
dashed  lines  indicate  the  calculated  retlection  angles  tor  the 
relaxed-  and  coherent-growth  cases. 

of  Cd  atoms  at  the  heterointerface  and  the  effec¬ 
tive  width  of  the  well  is  reduced,  but  the  period 
of  the  superlattice  does  not  change.  The  PL  from 
the  quantum  well  was  the  highest  in  intensity 
when  the  Cd  beam  intensity  was  ?>.?>  X  It)'''  cm  - 
s  '.  The  intensity  of  satellite  peaks  in  X-ray 
diffraction  showed  a  maximum  at  the  same  Cd 
beam  intensity.  Thei  "'re.  we  adopted  the  value 


Fig.  4.  PI  peak  energies  of  {(C\lSe)„(ZnSe)|,,}„,  supcrIaUiccs 
for  n  =  L  2,  o  and  4.  The  data  at  zero  wcll-widlh  arc  the  Ircc 
exciton  energy  observed  in  a  thin  ZnSe  layer  coherently  grown 
on  (iaAsdlHl).  Solid  and  dashed  lines  show  calculated  peak 
energies  of  exciton  emission  in  (  dSe  quantum  wells  bu  the 
relaxed-  and  coherent-growth  cases,  respectively. 
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nt  the  C'd  beam  iiuonsity  Ibi  the  preparation  ot 
suporlattiees  licseribed  below. 

X-ray  diffraction  spectra  of  a  series  i>f  sliort 
period  superlattices  of  {(CdSe)„(ZnSe)|||);,i  with 
II  1.2..^  and  4  were  studied  around  the  sym¬ 
metric  (400)  reflection.  Besides  the  substrate  re¬ 
flection,  the  peaks  of  zeriith-order  satellite  and 
first-order  satellites  of  the  superlattiees  were 
clearly  obserced.  Fig.  shows  X-ray  diffraction 
angles  If)  of  the  satellite  peaks  as  a  function  of 
the  number  of  CdSe  layers.  The  solid  and  dashed 
lines  indicate  the  calculated  angles  for  the  cases 
of  fully-relaxed  and  coherent  growth,  respec¬ 
tively.  The  experimental  diffraction  angles  are  in 
agreement  with  the  calculated  ones  of  the  coher¬ 
ent  case  for  n  =  I  and  with  the  relaxed  case  for 
II  -  4.  I  he  intensity  of  each  satellite  peak  was 
observed  t(>  become  smaller  with  increasing  num¬ 
ber  of  CikSe  hivers  in  <i  well  layer.  I'he  /eroth- 
order  satellite  dectetiseil  in  intensity  more  rapidly 
titan  the  first-order  satellites,  'i'he  /eroth-order 
satellite  reflects  the  tivertige  properties  of  the 
su|ierlattice.  whereas  the  first  order  satellites 
come  from  the  periodic  stacking  of  the  CdSe 
hivers.  1  he  critical  thickness  of  the  cv'herent 
growth  ol  Cd.Se  on  ZiiSe  coherently  grown  on 
(ia.Ast  1(10)  substrates  is  calculated  to  be  a  few  to 
l.s  A  (S-lol,  anvl  the  lattice  coherency  is  expecteil 
to  be  broken  when  the  number  of  CdSe  hivers 
exceeds  2  or  .\  The  bretik  of  the  eohereney  re¬ 
sults  ill  the  ilegradation  ol  the  avertige  [irviperiies 
ol  ihe  superlatlice.  aiui  brings  ;i  rapiti  decrease  of 
the  mlensitv  of  the  /eroth-ortler  satellite.  Ihe 
lirsi-order  salelliles  refleeting  the  periodic  stack¬ 
ing  of  CdSe  layers  in  the  superhiltices  are  rela¬ 
tively  insensitive  to  the  lattice  relaxation. 

I  ig.  4  shows  PI,  peak  energies  from  the  super¬ 
lattices  ol  |(CdSe)„(/.nSe)|,,l with  n  1.  2.  .' 
iiiul  4  as  a  funclion  of  Ihe  thickness  of  CdSe  well 
hiyers.  I  he  closevi  and  open  circles  show  experi- 
menlal  ilala.  I  he  well  wiilih  was  esiiniiiled  on  the 
b.isis  of  the  number  of  CilSe  hiyers  lor  Ihe  two 
cases,  i.e..  ihe  superlatlice  is  coherenlly  grown  on 
(ia/\s  substrates  (open  circles)  aiul  it  is  fully 
relaxed  (soliil  circles),  I  he  soliil  and  liashed  lines 
show  Ihe  energies  of  excilon  emissions  in  the 
CdSe  tiuanlum  wells  calculalevi  by  the  Kronig 
Pennev  model  lot  the  rehixetl-  ami  coherent- 


growth  eases,  respectively.  The  parameters  used 
for  the  ctilculation  are  given  in  Fable  I.  I  he  good 
agreement  between  the  observed  and  calculated 
variation  of  PL  peak  energy  with  the  well  width 
confirms  th;it  the  observed  PL  emissions  origi¬ 
nate  from  transitions  between  the  electronic  states 
in  Ihe  conduction  and  the  valence  band  in  the 
quantum  wells.  The  intensity  of  PL  from  the 
II  =  I  superlattice  was  smaller  than  that  of  ii  =  2. 
partly  due  to  the  spill-over  effect  of  excited  carri¬ 
ers  from  the  quantum  well.  When  Ihe  number  of 
C'dSe  layers  was  increased  to  4.  the  PI.  intensity 
was  reduced  strongly,  and  was  wetiker  than  that 
of  n  =  2  and  ii  =  .4  superlattices  by  two  orders  of 
magnitude.  This  degradation  is  due  to  the  relax¬ 
ation  of  the  lattice  mismtitch  by  introducing  misfit 
dislocations,  which  act  as  nonradiative  recombi¬ 
nation  centers.  The  I'WH.M  of  the  PI.  line  from 
the  11-2  sample  was  2.s  me\  at  12  K.  It  was 
reduced  to  l.s  meV  by  increasing  Ihe  buffer  layer 
thickness  up  to  4I)()-M)I)  monolayers  ot  /.nSe. 

Finally,  we  describe  the  properties  of 
{(C'dSe);(7.nSe ),,,!„,  superlattiees  with  mailer 
numbers  of  superlattice  cycles.  Subpeaks  aecorvi- 
ing  to  the  Lane  function  ol  the  superlattice  were 
clearly  obseixeil  between  the  zeroth  order  ;ind 
the  first-order  s.itellite  peaks.  The  subpeaks  were 
ohserveil  from  the  samples  with  in  vahies  down 
lo  this  observation  confirms  that  the  short 
periovl  super-hillices  prepared  by  the  .Xl.r 
method  are  of  high  qmilily.  PI.  jietiks  due  to  the 
quantum-well  transitions  were  also  obseixeil  from 
the  superlailices  with  small  in  vtilues. 

4.  fonclusiuns 

Short  period  superlattiees  with  structures  ol 
{(('dSe)„(/.nSe)|,|)„,  with  n  ^  I.  2.  and  4  ,nul 
in  ^  1  -.^t)  were  grown  on  (iaAstlDD)  subsir.ites 
with  buffer  layers  of  ,s(l-Stl()  monohiyers  of  /.nSe 
Source  beam  intensities  ;ind  source-cell  shutter 
opening  sequences  for  one  moiu'layer  growth  of 
ZnSe  and  CilSe  were  described,  (irowth  lemper- 
alure  was  .^Itf  Salellite  peaks  origimiting  from 
the  superhillice  structure  and  subpeaks  according 
to  the  Lane  functivms  of  the  superlattiee  were 
clearly  observed  in  the  X-ray  diffraction  patterns. 
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rhu  observation  contirmed  the  high  quality  of  the 
short  period  siiperlattice  grown  by  the  ALh  tech¬ 
nique.  PL  peaks  due  to  transitions  between  the 
quantum  states  in  the  CdSe  well  layers  sand¬ 
wiched  by  ZnSe  barrier  layers  were  observed 
from  superlattices  with  well  widths  of  I,  2,  3. and 
4  monolayers  of  CdSe.  'I'he  peak  energy  varia¬ 
tions  with  the  well-layer  width  were  explained  by 
the  Kronig-Penney  model. 
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Abstract 

It  is  assumed  that  the  eritical  layer  thicknesses  (CLT)  in  strained  heteroepitaxial  layers  ol  zine-blende  semieon- 
duetor  compounds  depend  on  an  energy  balance  relation  between  the  strain  energy  and  the  deformation  energy 
induced  by  the  misfit  dislocations.  The  first  energy  is  evaluated  by  theoretical  means  and  confirmed  by  calculation. 
In  order  to  calculate  the  latter  energy,  we  have  developed  an  interfacial  misfit  dislocation  model  in  associiition  with  a 
computer  simulation  method  based  on  Keating's  valence  force  field  approximation.  In  this  way  the  energy  of  the 
relaxed  grown  layer  is  obtained  in  the  case  of  a  complete  network  of  two-dimensional  misfit  dislocations.  The 
computer  simulation  results  are  compared  with  published  experimental  data.  T  he  predicted  values  are  in  excellent 
agreement  with  the  experimental  CI.T  measurements  for  C'dTe  on  C'dZnTe  substrates  as  well  as  for  GeSi  on  Si 
substrates,  over  the  entire  alloy  compositional  range.  It  is  shown  that  the  C'l.T  depends  in  fact  only  on  lattice 
mismatch  p.  The  rj  '  •  law  of  variation  of  the  C  I.T  found  in  this  way  may  thus  be  considered  as  quite  general  and  is 
extended  to  GalnAs/GaAs.  GaSbAs/GaAs  and  GalnAs/lnP  systems. 


I.  Introduction 

Most  of  the  calculations  of  the  critical  thick¬ 
nesses  arc  based  on  assumptions  concerning  the 
mechanisms  for  misfit  dislocation  generation  (I- 
4].  Recent  studies  assumed  either  the  force  bal¬ 
ance  model  proposed  by  Matthews  and  Blakeslee 
[.‘v.b]  on  the  basis  of  energy  considerations,  or  the 
minimum  strain  energy  density  required  to  nucle¬ 
ate  dislocations  [7-9].  A  kinetic  model  of  misfit 
accommodation  was  developed  recently  by  Dod¬ 
son  and  Tsao  (lOj.  A  model  based  on  energy 
minimization  was  proposed  by  Jesser  and  Van 
der  Merwe  [llj.  However,  it  is  to  be  noted  that 
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agreement  between  the  model  calculations  of 
critical  thicknesses  in  various  systems  and  the 
experimental  published  data  is  often  rather  poor, 
with  discrepancies  as  high  as  an  order  of  magni¬ 
tude  (I  l-l.T]. 

In  the  present  paper  a  simplified  model  is 
proposed  to  determine  the  equilibrium  critical 
thicknesses  of  semiconductor  layers  grown  by  het- 
eroepitaxy.  The  misfit  asscKiated  with  the  inter¬ 
face  between  the  two  different  crystals  is  assumed 
to  be  accommodated  by  misfit  strain  (coherent 
case)  v)r  by  both  misfit  strain  and  misfit  disliKa- 
tions  (relaxed  case).  A  valence  force  field  (VFI-) 
approximation,  considered  from  the  point  of  view 
of  energy  minimization  criterion,  is  used  for  the 
calculations.  In  the  foregoing  it  is  assumed  that 
the  two  crystals  have  the  same  thermal  expansion 
coefficient. 
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2.  Computational  procedure 


2.1.  Relcaation  procedure 


A  numerical  procedure  is  used  to  relax  both 
bond-length  and  bond-angle  distortions  [14]  of 
each  atom  k  in  tetrahedrally  coordinated  struc¬ 
tures  by  minimizing  the  Keating  elastic  energy 
expression  [15] 
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valid  for  small  displacements,  where  a  and  are 
bond-stretching  and  bond-bending  force  con¬ 
stants,  respectively  [16,17],  and  where  /•„  is  the 
normal  bond-length  and  arccosl  -  1  /3)  the  nor¬ 
mal  cubic  angle.  The  sums  in  the  expression  are 
on  the  four  nearest  neighbours,  specified  by  p. 
with  a  separation  r^,,. 

Starting  from  the  approximate  equilibrium  co¬ 
ordinates  before  relaxation,  the  program  moves 
each  atom  in  the  entire  volume  to  the  equilibrium 
position  defined  as  zero-force  point  under  the 
Keating  potential.  The  used  potential  leads  to  22 
force  components:  with  4  central  (a),  and  18 
non-central  ones  (fi).  and  where  6  forces  arc 
related  to  the  nearest  neighbours  and  12  to  the 
second  neighbours.  The  total  strain  energy  is  then 
calculated.  The  motion  of  each  atom  is  repeated 
over  many  cycles  (l(K)  to  2()()()())  until  the  total 
strain  energy  converges  to  a  definite  minimum. 


2.2.  Computuiional  reference  rolurne 

Throughout  the  strain  energy  determinations 
we  consider  a  very  simple  heterostructure  model 
containing  a  bi-crystal  with  an  interface  perpen¬ 
dicular  to  the  <001  >  axis  (Fig.  1).  The  misfit  is 
defined  as  17  =  (6  -  a)/a.  where  a  and  h  are  the 
normal  atomic  spacings  of  the  substrate  and  the 
epilayer.  respectively.  The  computational  refer¬ 
ence  volume  consists  of  a  parallelepiped  with  a 
square  basis  (of  17  ’  atoms  at  the  interface)  and 
variable  height.  Two-dimensional  periodic  bound¬ 
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Fig.  1 .  Schematic  drawing  i)t  compulalional  reference  volume. 
The  cell  consists  of  two  regions:  the  region  ot  epilayer  planes 
with  a  free  surface  and  the  substrate  region  with  fixed  planes 
at  the  bottom.  A  crossing  of  misfit  dislocations  is  located  at 
the  ((M)n  interface,  and  the  basic  surface  is  rj  ’  i?  '  limes 
h'/l. 


ary  conditions,  with  regard  to  the  forces  acting  on 
the  atoms,  are  used  in  the  <ll(l>  directions. 

A  set  of  misfit  dislocations  of  Lomer  type  are 
located  at  the  (001 )  interface  along  the  ( I  KF  and 
(110)  axes.  During  the  relaxation  procedure,  ail 
the  atoms  are  permitted  to  move  except  those  of 
the  bottom  plane  of  the  substrate,  which  are  held 
fixed  in  their  original  lattice  sites. 


3.  Principles  for  the  calculation  of  critical  thick¬ 
ness 

The  central  idea  is  based  on  the  compari.son. 
at  given  misfit,  between  the  elastic  energy  due  ti> 
coherency  stresses,  and  the  total  energy  of  a 
completely  relaxed  structure.  as  a  function 
of  the  thickness,  expressed  in  atomic  layers.  For 
the  sake  of  simplicity,  the  calculations  are  made 
throughout  the  computational  reference  volume. 
The  critical  thickness  is  then  obtained  when 

(-) 

As  it  will  be  shown  later,  at  the  critical  thick- 
nes.ses,  a  small  part  of  the  misfit-induced  strain  is 
used  to  build  the  dislocations.  The  major  part  of 
the  elastic  strain  is  redistributed  between  sub¬ 
strate  and  layer,  as  proposed  by  Junqua  a 'id 
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Grilhc  [18],  in  a  ratio  depending  on  the  elastic 
constants  of  the  two  materials.  The  main  effect  of 
this  process  is  to  reduce  significantly  the  residual 
strain  energy  in  the  epilayer.  In  the  foregoing  it  is 
assumed  that  the  misfit  is  entirely  accommodated 
by  both  misfit  strain  and  a  complete  square  array 
of  interfacial  misfit  dislocations.  That  is  to  say 
that  neither  the  exact  mechanism  by  which  misfit 
dislocations  arc  nucleated  nor  the  kinetics  of 
strain  relief  are  taken  under  consideration.  An¬ 
other  assumption  is  that  no  intermixing  of  the 
elements  occurs  across  the  interface  which  is  in 
other  respects  supposed  to  be  geometrically  Hat 
and  perfect. 

.?.  I.  Elastic  encritty  calculation 

Suppose  that  the  stress  in  the  epilayer.  on  a 
thick  (essentially  rigid)  substrate,  arises  only  from 
homogeneous  isotropic  elastic  misfit  strain.  In 
this  case  the  simplest  approximation  is  to  con¬ 
sider  that  the  energy  per  atom  is  proportional  to 
the  square  of  the  misfit,  c  =  Hr}',  through  a  pa¬ 
rameter.  H.  which  depends  solely  on  the  clastic- 
constants  of  the  deposited  material. 

The  calculations  are  made  using  the  Keating 
potential  and  the  values  of  «  and  ji  tabulated  by 
Martin  [17].  The  results  shown  in  l  ig.  2  are 
obtained  using  arbitrary  values.  It  can  be  seen 
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!  2.  f  .laslic  strain  enur^v  versus  lattice  mismatch  Caleula- 

li(»n  is  made  usinj:  arhilrarv  a  and  ^  elastic  cimslanls.  The 
slope  ot  the  straijtht  line  is  2. 


I  .\M  K  mil  k\i  ssi  w  1 

Fig.  Dependence  of  strain  energ>  i>f  li'tally  relaxed  'slriie- 
lure  on  number  of  atomic  layer  plane  tor  C'dTe  on  ((MM) 
(laAs.  C  aleulation  is  made  using  Keating’s  poiential  sphere 
elastic  constants  a  and  fi  are  of  Martin  [17]. 


that  the  computed  values  of  the  elastic  strain 
energy  as  a  function  of  rj  fall  close  to  a  straight 
line  with  slope  2.  The  deviation  for  increasing 
values  of  the  misfit  (77  >  IIIG  )  indicates  that  the 
chosen  harmonic  potential  is  rather  inaccurate  in 
that  case. 

Thus  the  energy  in  the  computational  refer¬ 
ence  volume  Tj  where  t  is  the  thickness,  is 

It  is  to  be  noted  (i)  that  the  energy  of  a  given 
area  of  77  -  (times  b'/2)  is  no  more  dcpcnilcnt 
on  the  misfit  and  (ii)  that  the  parameter  H  can  be 
interpreted  as  the  plane  energy  in  a  fictive  coher¬ 
ent  unit  cell. 

J.2.  Encrit}  of  relaxed  structure 

Consider  a  ei7mpletely  relaxed  layer  and  re¬ 
member  that  the  strain  is  then  distributed  be¬ 
tween  substrate  and  layer.  The  calculations  are 
carried  out.  under  the  conditions  previously  listed 
(.see  Fig.  ! ).  first  for  a  two-plane  layer,  then  for  a 
three-plane  layer,  and  so  on.  The  dependence  of 
on  the  number  of  planes,  t.  is  illustrated  in 
Fig.  .^. 

The  fact  that  the  energy  of  the  ivuter  plane  is 
always  found  to  be  about  half  of  the  energy  ivf  the 
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Fig.  4.  Fncrgv  <if  aliimic  planes  versus  plane  number,  lor 
three  given  values  of  misfit  17  =  ».7'  i .  and  .  C'alcu- 
lalion  is  made  using  the  same  arbitrary^  elastic  constants  tor 
the  substrate  (from  plane  number  I  to  plane  42)  and  the  layer 
(number  4.^  up  to  S4).  In  the  model,  the  theoretical  "inter¬ 
face"  is  located  at  plane  number  41. 


underlying  plane  is  nut  very  surprising  and  ean  he 
understood  as  an  effect  due  to  the  superficial 
dangling  bonds.  What  is  interesting  to  note  is  that 
the  energy  of  each  other  plane  Joi’s  not  depend 
on  the  total  number  of  planes,  used  in  the  calcu¬ 
lation.  but  only  on  its  own  height  in  the  layer. 
F  urthermore,  it  is  seen  that,  beyond  a  given 
thickness,  the  total  energy  remains  almost  con¬ 
stant.  indicating  that  the  normal  atomic  spacing 
in  the  layer  is  then  more  or  less  recovered. 

I  hc  share-out  of  the  energy  between  substrate 
and  layer  depends  on  the  elastic  constants  of  the 
two  materials.  I  he  choice  of  equal  elastic  values 
leads  to  an  equipartition  of  the  energy,  symmetri¬ 
cal  with  respect  to  the  interface,  as  shown  in  F-'ig. 
4  for  three  given  values  of  misfit.  Now.  as  sug¬ 
gested  by  the  above  observations,  the  energy  of  a 
plane  can  be  approximately  given  by  the  expres¬ 
sion 

<■,,-/!  17  '■/-,(')■  (4) 

with 


and  where  t  is  a  constant  versus  t. 


Integrating  expression  (4).  the  total  energy  can 
he  written,  for  given  misfit  tj.  by 

lujn=f  de 

.  J  I  1  ' 

=  Ar]  ’  '  — I - arctan -  (h) 

[  2  77  eiv) 

Comparison  of  the  computed  values  of 
from  Keating’s  equation  ( I )  with  the  results  calcu¬ 
lated  from  expression  (6)  shows  a  very  reasonable 
agreement. 

Note  that  even  for  low  values  of  t.  the  plateau 
of  the  curve  Cn.|(/)  may  he  rapidly  attained  if  t  is 
small  enough,  which  is  generally  the  case. 

4.  Critical  layer  thickness 

Now  the  critical  thickness  is  obtained  through 
the  implicit  equation 

=  (7) 

which  ean  be  easily  solved  graphically  by  inter¬ 
secting.  Ibr  the  same  given  misfit,  the  straight  line 
with  the  curve  /:'r..|(t).  It  is  clear  that  for 
thicknesses  which  are  not  too  small  (or  for  rela¬ 
tively  small  p).  the  intersection  of  the  two  curves 
will  he  kicated  in  the  plateau,  where  is 
roughly  constant,  so  that  the  critical  thickness  is 
now  simply 

(h) 

Let  us  deal  with  the  problem  id  the  critical 
thickness-misfit  dependence.  Consider  a  given 
height  t.  corresponding  to  the  tlat  part  of  the 
energy  curve  /•.,..|(/)  '  /•.,^.|(x).  as  shown  in  Fig.  .4 
(although  the  approximation  will  be  reasonably 
valid  for  smaller  / ).  The  variation  with  n  can  be 
expressed  as 

(‘^) 

which  yields  for  the  critical  thickness 
r^-.l77  '  V«-  (KM 

Note  that  as  ,  i  and  B  are  basically  dependent 
on  the  .same  deformation  pot  ntial  with  regard  to 
the  elastic  constants,  one  me  speculate  that  their 
ratio  A/B  =  .4*  docs  not  vat,,  too  much,  at  least 
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Sable  1 

(  alculalcd  erilical  thicknesses  in  aumiic  layers  (AIJ  tor  \ari- 
ou^  heleroslruclures;  the  .4*  values  arc  obtained  usini;  a  anti 
pi  elastic  ci'nstants  tabulated  by  Martin  [I7j 


Mismatch 
rj  IG  ) 

(\msianl 

iMAL) 

Critical 

thickness 

(AL) 

C'dTe  C  d/nTe 

1-2.7 

0.I4-0.I.S 

\M) 

CieSi  Si 

1-4 

(1.I2-0.I> 

120  Id 

C'l.iAs  Si 

4 

(t.l4 

IH 

(laSb  CiaAs 

-  S 

0.1.^ 

-  7 

ZnTc./GaAs 

s 

did 

-  d 

C'dTe .  (laAs 

i4,;s 

d..^ 

5-6 

as  long  as  the  model  is  valid.  That  leads  us  to 
suggest  that  the  critical  thickness  varies  more  or 
less  only  with  latikr  mismatch  for  all  zinc-blende 
semiconduetor  systems.  This  belief  is  strength¬ 
ened  by  the  values  calcuhited  via  Eg.dO)  for 
various  heterostructures  and  is  shown  in  Table  1. 
A  good  approximation  seems  to  get  the  value 
.-I*  '  0.15  in  the  majority  of  examples,  except  for 
CdTe/GaAs,  Two  arguments  can  be  invoked  to 
explain  the  relatively  high  value  .-1*  =  0.,50  found 
in  that  case:  (i)  the  misuse  of  the  Keating  poten¬ 
tial  which  is  less  valid  for  large  misfit  and  (ii)  a 
too  small  critical  thickness  which  requires,  for 


'  I  -4 

;  I  ■  ;  • 
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I  .M  IK  I  MISM'VK  II|"|.I 

riji.  .s.  (  ak'.iliitCLl  vriticiit  layer  IhiekncNscs  as  a  I'tinsiurn  ol 
lallicc  mismakh  tor  Cil  I'e  on  (Din)  CJ/n'I'c  alloys,  comparctl 
with  cxptrimin(al  data  of  TaCareiiko  et  al  1  IV.^III.  (  akululion 
IS  mark’  usiny  ilaslit  eonslanls  o  anil  p  lahiilalcil  hv  Marlin 
|I7|. 


better  accuracy,  to  be  calculated  using  the  ini- 
plieit  equation  (7). 

Another  remark  has  to  be  made  on  the  fact 
that  the  self-energy  of  the  dislocations  has  been 
neglected  in  the  evaluation  of  the  total  energy  of 
relaxed  layer  Suppo.se  that  r-j  is  the  self-en¬ 
ergy  per  unit  length  (expressed  in  interatomic 
spacing  times  v2  /2)  of  a  misfit  dislocation  be¬ 
tween  an  epilayer  and  a  thick  substrate.  As  the 
total  dislocation  length  per  unit  ceil  is  '.  the 
approximate  value  of  the  energy  per  unit  are;i 
will  be 

/-a  =  -‘'ah  '■  (ID 

On  the  one  hand  the  evaluated  values  of  c  , 
are  fairly  small  and  on  the  other  hand  the  -  I 
power  law  variation,  for  small  enough  misfit,  is 
overcome  by  the  -  .5  /2  power  law  variation  found 
for  ()x)  so  that  the  including  of  in  the 
expression  of  the  total  energy  will  have  no  signifi¬ 
cant  effect  on  critical  thickness  determination. 


5.  Comparison  with  experimental  results 

Experimental  data  on  criiical  thicknesses  in 
II  -VI  compounds  are  of  Tatarenko  et  al.  [lb, 211). 
Measurements  on  samples  grown  by  molecular 
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1 1 )  i.i  11"'  11- 

I.M  lll  l  MISM A  ll  III '.1 

big.  (v  A  pinl  til  criliciil  kiycr  ihickncssc's  .igiiiiiNl  lattice 
mismatch  liu  Side  alloys  on  UKlDSi  (■)  data  Kaspet  ct  al. 
121.22).  t  )  data  td  Kohama  cl  al.  i.'4.2.''|.  and  (  *  )  data  td 
Hcvk  ct  al  |2.''l.  The  ti’  is  obtained  \Mth  I’  -  0.15  tor  the 
first  data  set  and  .4*  ^  O  .Vi  tin  the  tdhers. 
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l  ie.  C'riiical  thicknesses  versus  misfit  tor  lll-V  heteroepi- 
laxial  systems;  iC  )  InClaAs /(laAs  data  o!  l.aidig  el  al.  (2t>I. 
(  >  data  o\  (iourlex  et  al.  [27|.  (  ♦  )  data  of  Orders  and  Usher 

[JN]  and  (■)  data  of  Weng  (•)  InGaAs/InP  data  of 
Takano  et  al.  [.'(>]  and  (□)  OaSbAs/GaAs  data  of  Hobson  cl 
al  [.M],  The  predicted  straiitht  lines  are  calculated  using  ed- 
ii*>)  \sheie  A'  =11.15  (l<mer  one).  0J5  (middle)  and  (1.50 
(upper  one). 

boiim  epitaxy  (MBH)  of  CdTc  on  (dOl)  CdZnTc 
wore  made  using  either  RHHED  or  photolumi- 
neseenee  on  single  quantum  wells.  As  shown  in 
F'ig,  .s.  the  agreement  between  experiment  ;ind 
predietion  is  surprisingly  good  considering  the 
simplicity  of  the  nmdel. 

(iood  agreement  is  tigain  found  for  the 
SiCie  Si  structures  shown  in  l-'ig.  b.  where  we 
have  plotted  the  data  reported  by  Ktisper  et  al. 
[:i.:21.  Hevk  et  al.  i".^|  and  Kohama  et  al.  [24.25]. 
Note  that  the  data  of  Kohama  et  al.  and  Bevk  et 
al.  can  he  fitted  to  Fiq.  ( 10)  if  a  value  A*  =  0.,4b 
i'  taken.  In  f  ig.  7.  the  experimental  data  for 
cjilical  thickness  in  CialnAs/CiaAs  reported  by 
l.aidig  et  al.  [2(i].  Ciourley  et  ;il.  [27|.  Orders  and 
I 'slier  [2S|  atid  Weng  |2‘)],  together  with  those  in 
(iaInAs/lnP  given  by  lakano  et  al.  [.40]  and 
those  in  CiaSbAs/CiaAs  reported  by  Hobson  el 
al.  [,U  j.  are  plotted  as  a  function  of  the  misfit. 
Solid  lines  are  predictions  calculated  using  Fiq. 
( 10)  where  .4  "  -  0.15.  0..55  and  0..50. 

6.  Discus.sion 

The  model  describes  well  the  variation  of 
with  the  misfit  ;it  letist  for  the  -.5/2  power  law. 


e.xcept  for  a  part  of  the  curve  reported  by  Hobson 
et  al.  which  presents  a  change  in  the  slope  in  the 
high  misfit  region.  However  the  fact  that  A* 
values  greater  than  0.15  have  to  be  used  some¬ 
times  to  fit  the  data  is  believed  to  result  from  two 
types  of  factors: 

-  Firstly,  as  suggested  by  Van  de  Leur  et  al. 
[.52].  those  related  to  the  experimental  conditions 
of  the  layer  deposition  (i.e.  growth  technique, 
temperature  and  deposition  rate)  and  their  corre¬ 
lation  with  strain  relief.  Also  the  effect  of  relax¬ 
ation  kinetics  .n  the  determination  of  limiting 
thickness  as  emphasized  by  Fritz  [1.5]  and  F-reund 
[12].  Furthermore  Dodson  and  Tsao  [10]  have 
reported  that  the  misfit  of  an  initially  strained 
layer  ean  be  aecommodated  by  both  misfit  dislo¬ 
cations  and  a  thickness-dependent  elastic  strain 
retained  in  the  overlayer.  explaining  by  this  way 
the  results  of  People  and  Bean  [.5.5]  on  thermody¬ 
namically  unstable  SiGc  films,  as  clearly  demon¬ 
strated  by  Van  de  Leur  et  ;il.  One  other  source  of 
discrepiincy  may  be  found  in  the  epitaxial  growth 
mode,  in  particular  for  the  island-type  .5D  growth, 
where  the  strain  relaxation  is  often  partial  and 
occurs  locally,  so  that  the  status  of  the  coherent- 
rela.xed  transition  is  no  more  defined. 

-  Secondly,  the  experimental  conditions  of 
critical  thickness  measurement  have  to  be  taken 
into  account,  particuhirly  when  comparing  direct 
or  derived  thicknesses  obtained  by  numerous 
techniques  of  observation  such  as:  rellection  high 
energy  electron  diffraction  [14.20.2.5].  ion 
backscattcring  and  X-ray  diffraction  [2b.2.S..51]. 
photviluminescence  [20.27.24].  electron  beam  in¬ 
duced  current  [.'4.25].  optictil  interference  con¬ 
trast  [24..5I]  and  transmission  electron  microscopy 
[20.21].  In  fact,  some  of  these  techniques  provide 
appiirent  critical  thicknesses  generally  thicker 
than  the  expected  equilibrium  values  calculated 
using  Fq.  ( 10). 

All  the  above  considerations  suggest  that  an 
empirical  appropriate  .4*  value  for  fitting  to 
theoretical  prediction  has  to  depend  not  only  on 
the  elastic  constants  (although  in  a  rather  compli- 
eated  way),  but  also  has  to  take  into  account 
actual  growth  conditions  and  measurement  tech¬ 
niques.  However,  the  fact  remains  that  for  obtain¬ 
ing  a  rough  estimation  of  critical  thicknesses  it  is 
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enough  to  choose  a  value  .-I*  =  0.15  in  Eq.  (10). 
However,  if  need  be  (for  e,\aniple  in  the  case  of 
variable  misfit  systems),  a  more  precise  determi¬ 
nation  may  be  iibtained  by  using  the  77  ’  ’  varia¬ 
tion  law  together  with  a  specific  value  of  A* 
which  can  he  obtained  by  means  of  just  one 
experimental  measurement  at  a  given  misfit 


7.  Conclusion 

We  have  proposed  an  energy  balance  model 
for  calculating  critical  layer  thicknesses  in  hel- 
eroepitaxial  grow  th  of  semiconductor  compounds. 
I'he  energies  to  be  compared  are  the  classical 
strain  energy  (without  ;my  change  of  the  substrate 
nor  misfit  dislocatkm  formation)  and  the  detor- 
mation  energy  due  to  a  full  system  of  interfacial 
misfit  dislocations.  Both  energies  have  been  cal¬ 
culated  by  means  of  a  cimiputer  simulation 
method  btised  on  Keating  s  valence  force  field 
approximation.  The  method  yields  a  very  simple 
ri  '  law  where  critical  thicknesses  depend 
mainly  on  lat.'ce  misnnitch  rj.  'Phis  law  may  thus 
be  considered  as  quite  general  and  has  been 
extended  to  \  ,irious  systems,  '['he  predicted  values 
ha\c  been  compared  with  published  experimenttii 
tlata.  rcecaling  an  excellent  agreement  as  well  for 
ll-\  1  ami  1\  -IV  compounds  as  for  Ill-\’  com¬ 
pounds. 
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Influence  of  growth  non-stoichiometry  on  optical  properties  of 
doped  and  non-doped  ZnSe  grown  by  chemical  vapour  deposition 
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Abstract 

Thick  poK  ZiiSc  hi\crs  used  Un  c  ical  components  m  inirarcil  laser  systems  show  stroiijtK  \ar\ini;  laser  dainajte 
threshokis.  I'his  is  clue  to  ditlerenee  in  kind  and  coneentratioti  ol  carrier  trappinj:  tleleets  in  the  material  iirown 
under  various  Se  Zn  p<itlial  pressure  ratios.  The  M  II  ratio  determines  a  non-sloiehiomelrie  growth  anil  determine 
an  upper  limit  lor  the  eoneenti  ation  ol  native  delects.  The  optical  properties  ol  poly-ZnSe  ,ire  stuvlievl  by  means  ol 
time-integrated  and  time-resolved  photolumineseenee  (PI.)  as  well  as  spatially  resolved  eatin'dolumineseenee  (Cl.). 
It  is  shown  that  samples  grown  in  Se  eseess  .ire  ot  gooil  i|uality  and  have  the  lowesi  delect  eoneentralions.  The 
eh.inging  of  properties  of  non-stoiehiometrie  grown  saittples  by  doping  vviih  l.i  .ind  In  in  a  post-grown  diffusion 
process  was  also  sUidievl. 


I.  introduction 

T  here  is  some  evidence  that  the  prohlems  of 
carrier  type  and  eonduetivitv  eonirol  in  wide  nap 
II- VI  compounds  are  strongly  rehtled  to  native 
delects  generated  hy  non-stoiehiometrie  composi¬ 
tion  during  growth  I'r  additional  thermal  treat¬ 
ment.  causing  the  phenomena  of  seH-contpens;i- 
tion  1 1  -4], 

Z.nSe  is  the  most  promising  II -VI  material  lot 
the  fabrication  of  pn-junction  devices  (blue  laser 
diode)  and  hits  been  intensively  studied  during 
recent  yeitrs.  It  is  ;tlso  very  importtnit  for  optietil 
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components  in  infrared  laser  applications.  There 
is.  however,  a  vet>  strong  differenee  in  the  de¬ 
sired  optical  attd  electrical  properties  between 
both  applicatiotis.  l-or  the  infrared  devices  the 
carrier  concentrations  (free  ctirriers.  in  shallow 
traps,  in  deep  levels)  nntst  be  as  low  as  ptwsible. 
askittg  for  extremely  low  impurity  cotitetits  and 
stoichiometry  control.  Therefore,  wc  grow  poly- 
erystalline  ZnSe  sheets  by  a  special  chemical 
vapour  deposition  method  t('VI)).  and  investigate 
the  interrelation  between  growth  conditions,  de¬ 
fect  generation,  and  optical  properties.  The  depo¬ 
sition  temperature  and  the  Zn  Se  ratio  in  the  gas 
phase  are  the  main  parameters  governing  the 
formation  of  stoichiometry-related  defects.  In  this 
work  we  report  on  investigations  on  ZnSe 
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platelets  grown  under  dillerent  V(/ll  ratios  at 
eonstant  deposition  temperature.  We  used  low 
temperature  photoluminescenee  (PL)  and 
eathodolumineseenee  (CL)  in  connection  with 
colour  imaging  to  characterize  our  samples  with 
respect  to  impurities  and  intrinsic  defects, 

2.  Experimental  procedure 

ZnSe  layers  of  comparable  thickness  (4()()-5(K) 
ium)  were  deposited  on  gla.s.sy  carbon  sheets  in  a 
eVD  process  using  the  reaction  of  the  elemental 
vapours  Zn  and  Se  (Se,  mainly)  in  argon  ambi¬ 
ent.  In  this  work  we  report  mainly  on  a 
■‘stoichiometry  row"  deposited  at  the  optimum 
growth  temperature  of  673°C  (optimal  with  re- 
speet  to  measured  laser  induced  damage  thresh¬ 
old  at  l(l.(i  Aim)  and  a  Se/Zn  ratio  between  0.3 
and  2.4,  i.e..  between  7()''r  excess  of  Zn  and  up  to 
14ll'i  excess  of  Se  over  the  stoichiometric  quanti¬ 
ties.  Growth  rates  were  found  to  be  3(l-.3(l  Atm/h. 
depending  on  component  concentration  in  the 
gas  phase.  I  he  diffusion  doping  experiments  were 
carried  out  in  sealed  quartz  ampoules  at  420°C 
for  4S  h.  Dopant  source  was  stoichiometric  ZnSe 
powder  eontaining  10  ■'  g/g  ZnSe  of  Li  or  In 
metal,  respeetively. 

Lor  the  PL  spectra  the  ZnSe  layers  are  excited 
above  the  band  gap  by  the  3(i4  nm  line  of  an 
.\r-ion  laser  (spectra  physics),  for  time-resolved 
measurements  by  a  dye  laser  synchronously 
pumped  by  an  actively  mode-locked  Nd :  YAG 
laser  (coherent)  with  a  frequency-tripling  BBO 
crystal.  Luminescence  transients  are  detected  by 
a  micro-channel-plate  photomultiplier  tube  in 
conjunction  with  the  time  correlated  single-pho¬ 
ton-counting  technique.  The  transients  are  fitted 
by  convolution  of  the  apparatus  response  with 
two  exponential  functions,  one  for  the  lumines¬ 
cence  rise  ( r, )  and  one  for  the  luminescence 
decay  (-,).  CL  measurements  and  colour  imaging 
were  made  using  a  scanning  electron  microscope 
(,1L{)L-U3)  at  carefully  controlled  excitation  con¬ 
ditions  of  2.S  keV  and  .30  nA  at  about  77  K.  Lhe 
excitation  depth  was  estimated  to  he  2-3  Aim. 
■Spectra  were  recorded  with  a  mirror  spectrome¬ 
ter  and  conventional  lock-in  technique.  Details  of 


the  optical  arrangement  were  published  by  Men- 
ninger  et  al.  [5].  In  the  ease  of  In  doping,  phase- 
angle  correlated  (PAC)  y-ray  spectroscopy  was 
performed  for  testmg  the  incorporation  of  In  on 
Zn  lattice  sites. 


3.  Experimental  results 

3. 1.  Calhodolnminescence  studies 

Typical  CL  spectra  s!tow  a  series  of  deep-level 
transitions  beside  the  known  exciton  lines.  It  is 
possible  to  distinguish  between  defects  by  study¬ 
ing  the  dependence  of  optical  properties  on  the 
Se/Zn  ratio.  Fig.  1  shows  the  result  of  such  an 
experiment  for  the  ’optimum"  temperature  (i7?°C 
and  a  Vl/11  ratio  of  1.13.  In  addition  to  the 
exciton  line,  the  donor-aeeeptor  pair  lumines¬ 
cence,  the  Y-band,  the  so-called  Cu-grecn  emis¬ 
sion  and  the  luminescence  of  the  self-activated 
(SA)  centre  can  be  seen. 

By  colour  imaging  we  are  able  to  compare 
different  wavelength  images  in  regard  to  the  lo¬ 
calization  of  different  deep  level  emissions  (seen 
in  Fig.  1).  It  is  clearly  seen  that  the  Y-band  is 
localized  at  large  crystallographic  defects  like 
grain  boundaries,  twins,  or  dislocation  networks. 
The  Cu-green  luminescence  is  observed  in  the 
same  crystal  areas  as  the  Y-band.  Lhe  distribu¬ 
tion  is  homogeneous  in  the  neighbourhood  of  the 
defects.  The  SA  luminescence  is  typically  ob¬ 
served  in  point  defect  clouds,  whereas  the  exci- 
tonic  luminescence  is  only  seen  in  those  crystal 
regions  with  low  crystallographic  defect  concen¬ 
tration.  That  means  that  electron-hole  pairs  arc- 
trapped  by  deep  defects  suppressing  the  e.xcitonic 
luminescence. 

The  doping  experiments  add  some  interesting 
results.  Comparing  the  Li-doped  to  non-doped 
sample  pieces  treated  in  the  same  run,  a  notice¬ 
able  change  is  observed  for  near  stoichiometric 
material  where  the  deep  levels  disappear.  In  the 
Se  e.xcess  layers  the  Y-band  is  strongly  dimin¬ 
ished.  It  is  concluded  that  Li  is  bound  to  ex¬ 
tended  lattice  defects,  in  this  way  changing  the 
self-trapped  exciton  centre  (Y-band).  No  specific 
feature  could  be  found  in  colour  imaging.  It  is 
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consistent  with  the  results  to  assume  Li  incorpo¬ 
ration  on  interstitial  sites. 

In  the  case  of  In-doping  only  Se  excess  layers 
show  remarkable  changes,  increasing  with  Se  ex¬ 
cess.  This  can  he  interpreted  in  terms  of  defect 
chemistry  very'  simply  with  the  need  of  Zn  vacan¬ 
cies  for  In  substitution  on  Zn  lattice  sites  and  the 
also  likely  formation  of  these  under  Se  excess. 
High  donor  and  acceptor  concentrations  and  an 
increasing  amount  of  deep  levels  (yellow-green, 
SA)  are  measured.  Our  results  correspond  with 
those  of  Shirakawa  and  Kukimoto  [6].  The  puz¬ 
zling  result  comes  from  PAC  measurements  where 
I't  of  In  at  maximum  are  found  on  lattice  sites. 
That  means  that  at  a  diffusion  temperature  of 
420  C.  practically  no  In  atoms  substitute  Zn  lat¬ 
tice  atoms.  Therefore,  the  mechanism  of  In  im¬ 
pact  on  optical  properties  should  be  considered 
to  involve  other  possibilities  as  interstitial  posi¬ 
tions  of  In  or  complex  formation.  Also  no  specific 
In-related  defect  could  be  found  in  the  spectra 
and  in  colour  imtiges. 

.42.  I'hololumiin’scciicc  siiidic'^ 

I  tirther  informatimi  on  the  tlefeet  coneentra- 
lion  and  the  quality  of  the  Zn.Se  crystals  was 
obtainetl  using  time-integrated  and  time-resolved 
PL  investigations  at  helium  temperatures.  Typical 
PL  spectra  of  ZnSc  with  varied  Se/Zn  ratios  at 
one  fixed  growth  temperature  are  seen  in  l  ig.  2. 
In  the  excitonic  regiim  (right-hand  side  of  l  ig.  2), 
the  luminescence  ttf  the  free  exciton  (I’LL  the 
donor  hound  exciton  (L).  the  acceptor  bound 
exciton  (1,).  and  of  an  exciton  bound  to  a  deep 
acceptor  is  observed  (I,,  ).  With  increasing  Se/Zn 
mol  ratio  the  line  is  boosted,  demonstrating  that 
this  deeply  bound  exciton  line  is  correlated  with 
Zn  vacancies.  Decreasing  the  Se/Zn  ratio,  the 
intensity  of  the  shallow  bound  exciton  lines  I, 
and  1 ,  is  enhanced  in  comparison  to  I,,  . 

I  he  halfwidths  of  the  bound  and  free  exciton 
lines  are  comparable  to  those  in  single-crystalline 
ZnSe.  This  shows  that  the  extension  rvf  the  single 
crystalline  regions  is  relatively  large,  i.e..  for  the 
exciton  grain  boundaries  can  be  neclected.  The 
appearance  of  Ihe  Y-band  and  the  self-activated 
banil  at  2.(1  eV  (lell-hand  side  of  l  ig,  .1)  is  con- 
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nected  with  the  growth  condition  under  Se  ex¬ 
cess.  indicating  an  association  with  Zn  vticancics. 
wheretis  the  donor-ticceptor  ptiir  luminescence 
and  the  emission  btitids  at  l.d.s  eV  ;is  well  as  at 
l.S.s  eV  itre  enhtinced  in  crystals  grown  under  Zn 
excess. 
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I'inic-rcsolvcd  PI.  moasurciiicius  (Pij!.  3)  ol 
samples  grown  with  ;i  hirge  Sc  or  Zn  excess 
denionstrtite  lliat  the  liletimes  ot  the  dilTerent 
exeiton  lines  ;ire  rehitively  long  ;ind  comparable 
with  those  in  MBh  ZtiSe  epilayers  [S]  or  single 
crystals  ol  good  quality  [h|.  Obviously  there  is 
only  rehitively  little  non-radiative  decay  of  elec¬ 
tron-hole  pairs  via  deep  centres.  We  found  the 
free  exeiton  lite  times  to  riinge  between  Kit)  ;ind 
200  ps.  whereas  the  life  lime  of  the  aeeeptor 
bound  exeiton  I,  amounts  to  400  ps  in  samples 
grown  with  Se  excess.  Phis  dcmonstrtites  th;it  the 
delect  concentriilion  in  these  stimplcs  is  small.  In 
crystals  grown  with  a  Se/Zn  mol  ratio  ne;ir  I,  the 
exeiton  liletimes  tire  drastically  rciluced.  reveal¬ 
ing  competitive  non-radiative  processes  intro- 
dueeil  liy  a  degrtideil  crystal  quality. 

I  he  inset  <4  Pig.  4  depicts  the  donor  -ticccplor 
pair  (DAP)  luminescence  bimil  at  2  K  of  tlie  same 


samples  grown  under  varying  Se/Zn  ratio.  Phis 
ratio  critically  determines  the  concentration  of 
deep  native  defects  generated  during  growth  at 
675°C.  Using  a  model  proposed  by  I  homas  et  al. 
[lO].  we  evaluate  from  DAP  luminescence  trap 
sients  the  shallow  donor  concentration  .ND  of 
samples  grown  in  Se  excess  (seen  in  Fig.  4).  ami 
Ifn,,,^.  a  factor  proportional  to  the  recombination 
probability  in  that  model.  A  detailed  description 
of  the  fitting  procedure  is  given  elsewhere  [II]. 
The  DAP  luminescence  grown  with  a  Se/’  mol 
ratio  of  ()..3  decays  considerably  faster  thti.i  th;it 
of  the  sample  with  ;i  Se/Zn  mol  rtitio  of  II. (1. 
suggesting  a  much  higher  native  defect  concen¬ 
tration.  'Phis  is  obvious  from  the  large  inciease  of 
However,  there  is  no  corresponding  signifi¬ 
cant  change  in  the  impurity  concentration,  as 
dc  'rmined  from  the  D/\P  transients.  So  we  fiml 
tin  increased  ileleet  generation  with  larger  ileviti- 
tion  from  stoiehiometrie  growth  comlitions. 

4.  Conclusion 

'Pit.  antilysis  of  titne-ititegrated  tmd  time-re¬ 
solved  PP  as  well  its  CL  investigations  yields  a 
fiist  tmd  reliable  ticcess  to  investigation  of  the 
influence  of  impurity  eotieeturatioiis  and  com¬ 
pensation  effects  on  the  optical  properties  in 
semicoiuluetors.  In  this  paper  a  strong  itinuence 
ol  the  stoichiometry  on  defect  generation  iti 
poiy-ZnSe  is  csttiblisherl.  .Assumitig  a  consttmt. 
low  impurity  level,  we  conelude  that  the  effects 
lound  are  related  to  native  defects  in  the  Zn  or 
Se  sublattice.  Miiterial  grown  under  Se  excess  has 
the  lowest  detect  concentrtitions  as  compared  to 
samples  grown  with  Zn  excess  atul  with  a  near 
stoiehiometrie  Sc  'Zn  ratio.  With  respect  to  the 
iloping  experiments,  it  is  noteworthy  that  no  sire- 
cific  dopant-rehited  defect  cmissioti  was  found, 
but  large  differences  in  the  kind  and  the  concen¬ 
trations  of  defects  genertitcd  in  dcpemicnce  on 
iion-stoichiometric  growth.  Pherefore.  it  seems 
possible  thtit  complexes  of  intrinsic  defects  ate 
only  modified  by  introducing  impurities.  Plic  n'le 
of  huge  crystallographic  defects  ttwins.  disloca¬ 
tions)  as  source  or  drtiiii  of  optically  active  point 
defects  should  be  studieil  more  inti'iisivelv . 
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Abstract 

Wo  roporl  on  molecular  beam  epitaxy  and  hot-wall  beam  epitaxy  growth  ol  ZnTe  epihiyers  I'li  tl)l)l)  (liiAs 
substrates.  The  surface  recon.st ruction  of  (001)  ZnTe  is  measured  by  refiection  high-energ\  electron  diffraction 
(RHEED).  The  RHEED  pattern  as  a  function  of  the  beam  equivalent  pressure  ratio  /’i,.  V’/,,  and  substrate 
temperature  is  studied.  Mosaic  structures  of  the  ZnTe  epilayers  grown  under  optimi/ted  ctniditions  are  investigtited 
quantitatively  by  high  resolution  X-ray  diffraction  and  phololuminescence.  These  data,  which  are  related  to  the 
three-dimensional  perfection  of  epilayers.  are  contrasted  to  RHEED  measurements  of  the  surface  morphology. 


1.  Introduction 

The  interest  in  epitaxial  grtiwth  of  ZnTe  has 
recently  been  stimulated  by  the  fact  that  graded 
bandgap  Zn(Se,Te)  ohmic  contact  can  improve 
the  characteristic  of  p-type  contacts  for  blue -green 
and  blue  emitting  ZnSe  based  lasers  [I].  High-qu¬ 
ality  ZnTe  epilayers  may  also  be  used  as  sub¬ 
strate  material  for  the  growth  of  HgSe/(Hg,l  e)Se 
semimagnetic  semiconductor  heterostructures 
and  superlattices.  These  structures  are  expected 
to  have  interesting  physical  properties  (2). 

The  epitaxial  growth  of  ZnTe  layers  by  molec¬ 
ular  beam  epitaxy  (MBE)  has  been  reported  first 
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in  the  middle  of  the  seventies  [.1].  Eater.  ZnTe 
has  been  grown  also  by  metalorganic  chemical 
vapor  deposition  (MOCVD)  [4-(r].  atomic-  layer 
epitaxy  (ALE)  |7]  and  hot -wall  epitaxy  (HW'E) 
[8.9]  on  CiaAs.  The  main  problem  rrf  heteroepi- 
taxial  growth  of  ZnTe  on  CiaAs  results  from 
different  lattice  constants  i>f  Zn  I'e  (d^,,,.^.  =  b.  104 
A)  and  CiaAs  (d(c,.\s  =  -^  0.^4  A).  The  mismatch  of 
7.b'"r  influences  the  nueleation  behavior  in  the 
initial  growth  stage  [10]  by  formation  of  dislirca- 
tions. 

In  this  paper,  we  report  on  the  growth  of 
ZnTc/CiaAs  epilayers  with  optimal  structural 
properties,  the  quantitative  measurements  of  the 
mosaic'  structure  in  these  layers  by  high  resolu¬ 
tion  X-ray  diffraction  (HRXD)  and  photolumi- 
ne.scence  and  the  investigation  of  the  surface 
morphology  by  RHEEE). 
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2.  Experimental  setup 

Growth  of  our  ZnTe  epilayers  was  performed 
in  an  MBE  and  a  hot-wall  beam  epitaxy  (HWBE) 
system  both  designed  and  constructed  at  Linz 
University.  Each  system  consists  of  a  load-locked 
substrate  preparation  chamber  coupled  to  the 
main  growth  chamber.  I'he  principle  of  HWBE 
has  been  described  elsewhere  [11].  All  epilayers 
were  grown  on  epiready  ((1(11)  GaAs  substrates 
which  were  2'’  misoriented  towards  the  next  [1 10] 
direction.  The  epiready  GaAs  were  preheated 
prior  to  growth  in  order  to  remove  the  oxid  layer. 
The  temperature  of  the  substrate  holder  in  both 
s\ stems  was  calibrated  allowing  one  to  compare 
the  results  of  both  growth  methods.  The  MBE 
growth  was  carried  out  using  elemental  Zn  and 
Te  evaporation  sources  with  6N  and  7N  purity 
purchased  from  Nippon  Mining.  The  ZnTe  source 
material  for  HWBE  was  prepared  by  closed  zone 
melting  from  Zn  with  6N  purity  and  Te  with  7N 
purity.  This  granular  compound  consisted  of  large 
stoichictmetric  monocrystalline  grains.  The  MBE 
growth  chamber  was  equipped  with  a  35  kV 
RHEED  system.  Intensity  profiles  and  the  full 
width  at  half  maximum  (FWHM)  of  the  RHEED 
retleciions  were  ttbiained  from  digitized  high  res¬ 
olution  photographic  pictures  taken  from  the 
RHEED  screen  during  growth.  The  epilayers 
were  characterized  by  high-resolution  X-ray 
diffraction.  Rocking  curves  of  the  (002)  and  ((K)4) 
Bragg  rellection  were  measured  using  a  5-cry.stal 
diffractometer.  The  X-ray  wavelength  was  1.5406 
A.  4.2  K  photoluminescence  (PL)  spectra  were 
measured  using  a  standard  set-up  and  argon  ion 
laser  excitation  at  458  nm. 


3.  Results  and  discussion 

In  a  series  of  RHEED  experiments,  the  rela¬ 
tion  between  the  substrate  temperature,  the  beam 
equivalent  pressure  (BEP)  ratio  p  ,../P/„  and  the 
surface  reconstruction  has  been  investigated.  Fig. 
I  shows  the  results  of  these  experiments.  The 
surface  reconstruction  diagram  can  be  devided 
into  5  regions.  Regular  two-dimensional  (2D) 
growth  is  obtained  in  regions  I,  II  and  III.  In 
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Fig.  I.  The  xurfaec  reconstruction  ol  MBF-grown  (iMil) 
ZnTe/C»aAs  epilayers  as  a  function  of  growth  temperature 
and  the  equivalent  beam  pressure  ratio  p/„.  The 

RHEED  pattern  in  region  I  shows  a  ( I  «  reconstruction 
and  in  region  II  a  c(2x2)  reconstruction  is  obser\ed.  A 
mixture  of  both  reconstructions  can  be  oKserved  in  region  III 
indicating  a  stoichiometric  surface.  Region  IV  is  the  conden¬ 
sation  boundary  and  in  region  V  three-dimensional  growth 
occurs. 


these  regions,  two  different  reconstructions  of  the 
(001 )  ZnTe  surface  are  observed.  A  streaky  (1x2) 
half-order  reconstruction  along  the  [110]  azimuth 
is  observed  in  region  1.  In  this  region,  the  BEP  of 
the  Te  beam  is  high  and  we  believe  that  this 
region  repre.sents  a  Te-rich  surface  composition. 
In  region  II  which,  on  the  other  hand,  is  assumed 
to  represent  a  Zn-rich  surface,  a  streaky  two-fold 
c(2  X  2)  reconstruction  along  the  [100]  azimuth  is 
observed  by  RHEED.  Both  types  of  reconstruc¬ 
tion.  d2  X  2)  and  ( 1  x  2).  are  observed  simultane¬ 
ously  in  region  111.  Our  established  surface  phase 
diagram  for  (001)  ZnTe  is  similar  to  that  of  (001) 
ZnSe  [12],  where  two  regions  of  c(2  x  2)  and 
(1x2)  surface  reconstructions  have  been  clearly 
identified.  However,  an  extended  region  of  coex¬ 
istence  of  both  surface  reconstructions  was  not 
observed.  The  existence  of  only  two  different 
reconstructions  on  the  ((M)l)  ZnTe  surface  agrees 
with  measurements  and  tight-binding  calculations 
of  the  total  energy  of  the  (001)  ZnSc  surface  [13]. 

It  has  been  shown  that  the  coexistence  of  both 
reconstructions  indicates  a  nearly  stoichiometric 
surface  condition  [14],  yielding  optimum  condi- 
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tions  for  the  growth  of  high  quality  ZnTe  epilay- 
ers.  This  has  been  proofed  by  measuring  the 
width  of  the  X-ray  rocking  curves  of  epilayers 
which  were  all  grown  at  the  same  BEP  ratio  but 
with  different  substrate  temperatures.  The  mini¬ 
mum  of  the  rocking  curve  full  width  at  half  maxi¬ 
mum  (FWHM)  was  observed  for  those  samples 
which  are  found  clearly  within  region  III  in  the 
surface  phase  diagram. 

For  substrate  temperatures  above  450°C.  the 
growth  rate  decreases  rapidly  because  of  en¬ 
hanced  re-evaporation  of  adatoms  (region  IV).  At 
substrate  temperatures  below  about  2(K)°C  (re¬ 
gion  V),  a  transition  to  a  three-dimensional  (.ID) 
growth  mode  and  facetting  due  to  the  reduced 
mobility  of  the  surface  atoms  is  observed. 

The  growth  optimization  in  the  FIWBE  has 
been  carried  out  by  measuring  the  half-width  of 
X-ray  rocking  curves  as  a  function  of  the  sub¬ 
strate  temperature.  The  layer  thickness  was  held 
in  the  range  of  .T2-4..^  Mil  for  these  experiments. 
Because  of  the  use  of  a  binary  compound  .source, 
the  vapor  composition  is  rather  stable  with  a 
Zn-tr)-Te  ratio  of  about  1.  This  vapor  ratio  pro¬ 
vides  a  Te-rich  surface  at  lower  substrate  temper¬ 
atures  at  .^OO-.^.KPC'  and  a  Zn-rich  surface  at 
higher  substrate  temperatures  at  4()()°C'.  as  it  has 
been  measured.  It  is  not  possible  to  determine  a 
surface  reconstruction  diagram  for  HWBE  growth 
optimization  because  of  the  constant  flux  ratio 
which  is  supplied  by  the  Zn  Te  source. 

I'he  best  values  of  the  half-width  of  the  X-ray 
rocking  curves  were  FWHM  <  15(1  arc  sec  for  .5 
^m  layer  thickness.  This  high  crystalline  quality 
of  the  ZnTe  films  was  achieved  for  a  substrate 
temperature  of  MifC. 

After  we  had  obtained  the  optimal  conditions 
for  MBE  and  HWBE  growth,  a  set  of  epilayers 
with  a  thickness  between  (1.2  and  6  /am  were 
grown.  For  MBE.  a  BEP  ratio  of  about  1.5  was 
used  and  the  substrate  temperature  was  .T5()°C; 
for  HWBE.  it  was  .ITOX'.  The  FWHM  of  the 
((K)2)  reflection  rocking  curves  of  these  epilayers 
was  about  15()()  arc  sec  for  the  thinnest  layers  and 
it  decreased  to  140  arc  sec  for  the  5.6  /xm  thick 
HWBE-grown  layer.  We  find  for  equally  thick 
epilayers  that  the  FWHM  of  HWBE  films  is 
about  .5()''i  smaller  than  that  of  the  MBE-grown 
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epilayers.  indicating  that  the  density  of  extended 
defects  in  HW'BE-grown  epilayers  is  smaller  than 
in  MBE-grown  tines.  If  we  compare  our  HR.XD 
results  with  published  data  [4.6.15].  we  find  that 
ftir  a  given  layer  thickness  our  HWBE-grown 
films  have  excellent  structural  properties.  To  our 
knowledge  the  F'WHM  value  of  140  are  sec  for  a 
5.6  q.m  thick  ZnTe  epilayer  is  among  the  best 
values  reported  so  far. 

Recently  we  have  shown  that  the  size  and 
average  misorientation  of  mosaic  blocks  in  epilay¬ 
ers  can  be  obtained  from  an  analysis  of  the  form 
tif  the  rocking  curves  [16],  This  theoretical  model 
of  .X-ray  .scattering  in  non-perfect  crystals,  which 
is  described  in  detail  in  ref.  [16],  has  been  used  to 
calculate  the  radius  and  the  misorientatitin  of 
mosaic  blocks  in  our  epilayers.  Results  are  shown 
in  Fig.  2.  The  mosaic  block  size  is  approximately 
linearly  increasing  with  the  layer  thickne.ss.  The 
penetration  depth  of  the  X-ray  beams  is  about  2 
/cm  for  the  (002)  Bragg  reflection.  Therefore  the 
obtained  mosaic  block  parameters  are  an  average 
over  this  depth  range.  This  is  important  especially 
for  thin  layers  where  the  mosaic  size  is  strongly 
varying  with  thickness. 
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versus  layer  thickness  and  from  the  (laAs  substrate  as  mea¬ 
sured  before  growth  was  started. 


The  block  size  in  HWBE  epilayers  is  about 
twice  that  in  MBE-grown  epilayers.  Since  this 
relation  holds  for  the  whole  ra"gc  of  layer  thick¬ 
nesses.  we  suppose  that  the  mosaic  size  is  influ¬ 
enced  by  the  nucleation  rate  during  the  growth  of 
the  first  atomic  layers  (initial  growth).  In  the 
guasi-closed  space  HWBE  system,  a  quasi-ther- 
modynamie  equilibrium  between  source  and  sub¬ 
strate  is  established.  We  assume  that  the  forma¬ 
tion  of  islands  with  minimum  orientation  disorder 
is  more  likely  in  HWBE  than  in  MBE.  due  to  the 
more  intensive  exchange  between  the  solid  and 
the  gas  phase  during  the  nucleation  process. 

It  has  been  shown  by  computer  simulation  [17] 
that  the  intensity  profile  (e.g.  the  FWHM)  of 
RHEED  reflections  is  sensitive  to  the  surface 
morphology.  Fig.  3  shows  the  FWHM  of  the  (01 ) 
RHEED  reflex  measured  parallel  to  the  shadow 
edge  and  recorded  during  the  growth  of  our 
MBE  samples.  Also  shown  in  Fig.  3  is  the  FWHM 
of  the  RHEED  rellection  from  the  GaAs  surface 
as  measured  immediately  before  growth  was 
started.  The  FWHM  of  the  RHEED  reflection 
from  the  layer  is  decreasing  with  layer  thickness 
from  a  value  which  is  significantly  larger  than 
that  from  the  GaAs  surface  to  values  which  are 
smaller  than  the  substrate  value  when  the  layer 
thickness  exceeds  about  0.2  ^im.  These  data 


dcmon.stratc  that  the  surface  morphology  of  ZnTe 
epilayers  (thickness  >  0.2  /rm)  is  superior  to  that 
of  the  GaAs  before  growth. 

The  4.2  K  PL  emission  from  a  5.6  ^im  thick 
HWBE-grown  ZnTe  epilayer  is  plotted  in  Fig.  4. 
The  spectrum  is  dominated  by  bound  exciton 
emission  lines  (A"X).  The  weaker  emission  lines 
are  due  to  donor  bound  exciton  (D"X)  and  free 
exciton  (FE)  recombination.  We  find  that  the 
near-band-edge  emission  in  thin  layers  is  signifi¬ 
cantly  reduced.  In  order  to  compare  PL  data 
from  epilayers  with  different  thickness  we  have 
related  the  intensity  of  the  2.369  eV  bound  e.xci- 
ton  line.  to  the  total  PL  emission  between 

1.8  and  2.4  cV.  The  value  of  ,  is 

plotted  versus  mosaic  radius  in  the  inset  of  Fig.  4. 
Only  for  those  epilayers  where  the  mosaic  radius 
is  significantly  larger  than  the  radius  of  bound 
c.xcitons.  which  is  about  50  A  in  ZnTe.  is  a 
pronounced  near-band-edge  emission  observed. 
In  those  layers  where  the  mosaic  block  size  and 
the  exciton  radius  are  of  comparable  size,  the 
radiative  recombination  of  excitons  is  suppressed 
due  to  enhanced  non-radiative  recombination  at 
the  grain  boundaries. 


energy  (eV) 

Fig.  4.  The  4.2  K  neiir-band-cdge  PL  emission  from  a  .s.fi  /jm 
thick  ((Kll)  ZnTe  layer  grown  by  tlWBE  on  ((KID  GaAs.  The 
lines  are  due  lo  acceptor  (A",X)  and  donor  (D"X)  hound 
excitons.  as  well  as  lo  free  exciton  (FE)  recombination.  The 
insert  shows  the  normalized  excitonic  PL  intensity  versus 
mosaic  hliKk  radius  of  the  ZnTe  layer.  is  the  intensity 

of  the  2.,t6t(  eV  (A"X)  line  and  /,„|,|  is  the  integrated  intensity 
between  I  .X  and  2.4  eV. 
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4.  Summary  and  conclusions 

We  have  established  a  surface  reconstruction 
diagram  of  ZnTc  which  has  been  used  to  opti¬ 
mize  the  growth  conditions  of  (001)  Zn'I'e  epilay- 
ers  on  (001)  GaAs  substrates.  The  structural 
properties  of  MBE-  and  HWBE-grown  epilayefs 
were  investigated  by  HRXD  yielding  the  size  and 
misalignment  of  mosaic  blocks.  The  block  size  is 
linearly  increasing  with  the  layer  thickness.  The 
FWHMs  of  the  HRXD  rocking  curves  of  our 
HWBE  epilayers  indicate  their  superior  quality. 
The  FWHM  of  the  (01 )  RHEED  reflection,  which 
is  directly  related  to  the  surface  morphology,  is 
decreasing  with  layer  thickness.  It  has  a  smaller 
\alue  than  that  from  the  GaAs  surface  when  the 
ZnTe  layer  thickness  e.xceeds  about  0.2  rc'- 
\ealing  the  good  surface  morphology  of  the  epi¬ 
layers.  The  PL  spectra  of  thick  ZnTe  layers  which 
have  a  mosaic  block  size  significantly  larger  than 
the  excitonic  radius  are  dominated  by  bound  exci- 
ton  emission. 
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Abstract 

This  work  describes  the  growth  and  characteri/ation  ot  electrodeposited  lilnis  ol  the  II  -V  I  seniieiaidiietor  (  d  I'e 
direetK  on  to  p-  and  n-type  silicon.  In-sitii  ellipsomctry  has  revealed  the  presence  ol  a  spontaneously  deposited  I'e 
layer  on  illuminated  p-lype  Si  and  on  n-type  Si.  The  growth  t)l  the  spontaneous  layer  has  been  verilieil  by  the  other 
techniques  used  tt)  characterize  the  electrodeposited  films,  such  as  differential  scanning  calorimetry,  \-ray  plnuo- 
electron  spectroscopy,  energy  dispersive  analysis  by  ,\-rays.  Rulherlonl  backscallering  ami  .\-ray  rlilliaclion.  The 
subsequent  growth  of  the  ('dTe  layer  on  top  of  this  is  close  to  stoichiomelric  composiiion  birt  the  film  dires  mn 
appear  to  form  a  coherent  layer. 


1.  Introduction 

C'li'I'e  is  of  current  interest  in  the  field  o( 
infrared  detector  technology  as  it  provides  a  ne;ir 
ideal  substrate  for  the  epita.xial  growth  of 
C  d,Hg|  ,Te  (CM  T).  The  direct  growth  of  ('dTe 
on  silicon  therefore  forms  a  key  component  in  the 
development  of  monolithic  detectors  based  on 
CM  T  for  infrared  focal  phine  ;irr;iy  applications 
d-.^].  Another  important  area  for  the  ('dl'e/.Si 
heterojunction  is  in  X-ray  imaging  sensors  [4-h) 
as  well  tis  in  solar  energy  applications  [4).  Ihc 
CdTe/Si  heteroepita.xial  growth  has  been 
achieved  by  molecular  beam  epitaxy  (MBL)  (7-9). 
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metalorganic  vapour  phase  epitaxy  (MOV  PH  I 
(10-12)  and  also  by  closed  hot  wall  epitaxy 
(C'UWIT  [1.7].  .Vlthough  a  large  lattice  mismatch 
<  lOO  )  ostensibly  exists  between  the  ('d  i  e  anil  Si. 
the  epitaxial  relationship  is  C'dre)  III)  on  SiilOO) 
which  results  in  a  lattice  mismatch  of  only  .7.40 
along  the  C'd  l  elZI  I)  direction  [0].  riic  electrode¬ 
position  method  for  C'dTe  was  first  established  by 
Panicker  and  co-workers  (14)  in  I07.S  and  offered 
an  alternative  low-cost  pathway,  in  comparison  to 
the  above  growth  methods,  for  the  attainment  of 
good  quality  C'd'I'e  layers  on  a  variety  of  conduc¬ 
tive  substrates.  Since  that  time,  the  electroehenii- 
cal  route  hits  been  the  subject  of  considerable 
study,  in  particular  for  the  development  of  solar 
cells  based  on  the  (d'l'c/CdS  hetcrojunction 
(l.‘v-2fil.  Although  various  electrochemical  mech¬ 
anisms  have  been  proposed  (14.1.7.17.2.7.2.')  for 
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the  deposition  of  C'dTe  as  the  alloy  rather  than 
metallic  C'd  and  I'e,  the  essential  step  has  been 
the  shift  in  the  Cd  deposition  potential  towards 
that  of  tellurium,  assisted  partly  by  the  free  en¬ 
ergy  of  formation  of  the  alloy  and  also  by  tbe  ca. 
2.S.S0:  1  eoncentration  ratio  in  the  solution  of  cad¬ 
mium  to  tellurium  [14],  The  substrates  employed 
for  deposition  have  ranged  from  In  or  Sb  doped 
tin  oxide  coated  glass  [14,18.20]  to  titanium 
[10. 10.27]  and  CMT  [27],  The  temperature  range 
for  the  deposition  is  usually  70  to  OtfC.  with 
inerease  in  crystallinity  reported  for  the  higher 
temperature  deposits  and  also  after  annealing  of 
the  eleetrodeposited  films  [14.10],  Circulation  of 
the  electrolyte  in  the  deposition  cell  is  also  car¬ 
ried  itut  to  increase  the  mass  transport  of  the 
limiting  reactant,  xiz.  UTeO,'  to  the  substrate  so 
that  more  uniform  growth  can  be  achieved. 


2.  Kxpcriniental  procedure 

rite  electrodepositions  were  carried  out  on 
(ItKI}  p-type  Si  (B-doped)  and  illl]  n-type  (Sb- 
doped).  obtained  from  Wacker-Chcmitronic 
CiMBH.  I'he  cell  employed  Idr  electrodeposition 
was  the  in-situ  cllipsometr>  cell  described  in  a 
presious  work  on  (  d  l'c  elcctrodcposition  on  CM  T 
[27|,  The  Si  wafers  (HI  cm  diameter)  were  first 
eleased  into  samples  of  around  I  cnr.  I'he  back 
of  the  sample  was  then  either  etched  in  2M 
Ml, I-  (pfl  4.,s)  for  1.^'  min  in  the  way  described 
by  Kautek  and  eo-workers  [28]  or  alternatively,  it 
was  roughened  with  1 2(1(1  grade  emery  paper  be¬ 
fore  electrical  contact  was  established  between 
the  Si  sample  and  the  cell  baseplate,  using  gal¬ 
lium-indium  eutectic.  The  sample  was  then 
sealed  in  place  using  silicone  rubber  sealant  and 
the  surfaee  cleaned  with  1.1.1  trichloroethylene 
prior  to  etching  with  either  KKV  HI- Or  (he  NHjI-' 
solution  described  above.  Ttehing  using  the  l()''7 
HI-  solution  was  etirried  out  under  a  nitrogen 
blanket  so  that  (he  surfaee  of  the  silicon  was  not 
exposed  to  oxygen  beldre  deoxygenateel  deposi¬ 
tion  solution  was  tidded  to  the  cell.  This  consisted 
of  an  agueous  solution  of  ()..SM  (’dS(),  ;ind  2.8 
ppm  l  e  (as  H  l  eO.  )  at  pH  1.8.  The  eleetrodepo- 
sition  temperature  was  in  the  range  »)f  .8.8  to  70"(', 


although  the  temperature  control  for  each  depo¬ 
sition  run  was  to  within  ±  T'C.  The  solution  in 
the  cell  was  maintained  at  the  growth  tempera¬ 
ture  by  constant  circulation  from  a  thermostatted 
reservoir.  The  soluticm  was  circulated  from  the 
reservoir  and  the  cell  by  a  peristaltic  pump.  The 
lower  temperature  limits  employed  here  were 
necessary  due  to  the  distortion  at  higher  temper¬ 
atures  of  the  in-situ  cell  which  was  constructed 
from  perspex.  Quartz  windows  were  fixed  t(i  the 
cell  such  that  the  laser  struck  the  window  sur¬ 
faces  at  normal  incidence  and  penetrated  through 
forming  an  angle  of  incidence  of  70  with  the 
subslrate.  A  phitinum  Hag  or  a  graphite  rod  was 
employed  as  the  secondary  electrode.  The  refer¬ 
ence  electrode  used  was  the  saturated  (KCI) 
calomel  electrode  (SCH)  which  has  a  potential  I'f 
0.242  V  versus  NHH  (the  normal  hydrogen  elec¬ 
trode).  All  potentials  were  measured  ;ind  are 
reported  in  this  paper  with  respect  to  this  refer¬ 
ence  electrode.  In-situ  ellipsometry  was  per¬ 
formed  throughout  the  eleetrodeposition.  using  a 
Cjaertner  LllbB  Auto  (fain  Hllipsometer  with  a 
He-Ne  laser  (A  =  6.'^2.8  nm  /I  mW).  The  elec- 
trodeposited  films  were  then  further  charac¬ 
terised  in  their  "as-grown"  state  or  after  anneal¬ 
ing  in  iiir  at  400''r  for  10  min.  .Se\er;il  techniques 
were  employed  for  ex-situ  anttlysis  of  the  elee¬ 
trodeposited  films.  Of  piirtieular  importance  were 
X-rtiy  diffraction  (XRD)  and  .X-ray  photoeleetron 
spectroscopy  (XPS).  Ihe  .XPS  data  here  were 
obtained  with  ;i  VSW  100  mm  hemispherical 
analyser  and  X-ray  source  with  an  aluminium 
am>de. 


3.  Results  and  discussions 

I'he  eleetrodeposition  of  C'd  Te  on  both  n-  and 
p-type  Si  was  carried  out  by  linearly  decreasing 
the  potential  from  the  equilibrium  value  of  ea. 
-0.2  V  to  the  final  growth  potential  between 
-0..8  to  -0.8  V  and  mainltiining  that  potential 
until  the  desired  film  thickness  was  obtained.  A 
typical  cyclic  voltammogram  is  shown  in  l-'ig.  I  in 
which  the  potential  was  swept  between  the  limits 
of  -0.2  and  -  1.0  V.  The  oscillations  pritdueed 
in  the  "plateau"  current  are  due  to  the  flow 
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conditions  from  the  peristaltic  pump  since  the 
reaction  in  this  region  is  occurring  under  mass 
trtmsport  control.  I  he  large  increase  in  current  at 
the  end  of  the  plateau  is  due  to  the  electrodepo- 
sitio/i  of  metallic  cadmium.  The  thermodynamic 
potential  for  the  reduction  of  C'd- '  ions  to  Cd 
under  the  conditions  here  is  -(l.(>h4  V.  The  po¬ 
tential  obsened  here  for  the  deposition  of  fd  is 
obviously  more  negative,  and  we  attribute  this  in 
part  to  the  increase  in  resistance  of  the  substrate 
due  to  the  deposited  C  d  i  e.  f  urthermore,  at  this 
potential  (-.  •  V).  C'd  would  be  electrode- 

positing  on  (  d  ie.  rinis.  as  the  mechanism  letid- 
ing  to  an  effective  underpotenlial  deposition  of 
C'd  (to  form  C'd  le)  does  not  apply  here,  an  over- 
potential  for  the  C  d  deposition  is  found. 

It  was  apparent  from  the  analysis  of  the  ellip- 
sometry  data  that  the  optical  constants  measured 
tor  the  "bare  "  silicon  substrate  in  contact  with 
the  deposition  solution  did  not  coi respond  to  that 
of  Si.  lo  investigate  this  anomaly,  ellipsometry 
e.vperimcnts  were  carrieil  out  whcie  the  silicon 
surface  was  monitored  from  the  moment  of  con- 
t;ict  with  solutions  containing  the  various  compo¬ 
nents  of  the  deposition  solution.  Ihus.  in  a  2.'v 
ppm  I'e  solution  at  pH  l.S  and  .S.s  C'.  there  was 
no  detectable  change  in  the  optical  consitinis 
observed  over  a  period  of  2  h.  In  a  C'dSC), 
solution  at  the  same  pH  ;ind  temperature,  there 


was  a  reaction  but  only  in  the  area  ol  laser 
impingement  for  p-type  Si.  causing  the  formation 
of  a  cream  coloured  film.  No  deposit  was  found 
on  the  areas  of  silicon  unti>uched  by  the  laser  and 
this  was  confirmed  by  ex-situ  measurements.  I  hus 
the  reaction  taking  place  in  the  C'dSC),  solution  is 
catalysed  by  intense  light,  and  not  by  normal 
laboratory  illumination.  This  is  not  unexpected 
since  both  visible  and  UV  laser-induced  deposi¬ 
tion  on  semiconductor  substrates  including  silicon 
is  already  well  rlivcumented  [2d-3l).  When  the 
deposition  solution  was  used,  a  film  sponta¬ 
neously  formed  and  was  visible  to  the  naked  eye 
over  the  whole  of  the  Si  surface  although  it  was 
strongest  at  the  point  where  the  laser  beam  im¬ 
pinged  the  surface.  This  reaction  is  thcrelore 
catalysed  even  by  normal  laboratory  illumination 
and  it  is  worth  tuning  that  no  deposition  occurred 
when  a  p-type  sample  was  placed  in  contact  with 
the  deposition  solution  in  the  dark,  even  after  12 
h.  A  typical  ellipsometry  trace  monitored  for  the 
spontaneous  deposition  of  the  film  on  illuminated 
p-type  silicon  is  shown  in  Fig.  2. 

The  optical  constants  obtained,  refractive  in¬ 
dex  n  =  l..^2  and  extinction  coefficient  k  (I. 
for  the  first  part  of  this  curve  are  ci'nsistent  with 
those  previously  measured  in  this  laboratoiv  lor 
thin  electrodei>o>ited  films  of  tellurium  on  vari¬ 
ous  substrates  [27].  Thus  it  would  appear  that  an 
eicctrodcless  plating  mechanism  for  I'e  opertites 
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Fig.  2.  Fxpciinicnl.ll  J  '/'  phM  lor  Ihc  gnnslh  ol  .1  'spont.i- 
ncous  I'c  liiyci  on  illuininnicd  p-iNpc  Si. 
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when  silicon  is  in  contact  with  a  solution  contain¬ 
ing  both  Cd  and  I'c  ions.  The  shift  in  I'c  deposi¬ 
tion  potential  when  Cd  is  present  in  the  solutitin 
is  of  course  fundamental  to  the  simultaneous 
deposition  reaction  to  form  CdTe  [14],  Electron 
(or  hole)  injection  intt)  the  conduction  (or  va¬ 
lence)  hand  of  the  Si  substrate  will  occur  if  the 
band  edges  are  in  close  proximity  to  reduced  (or 
iixidised)  states  respectively  of  the  redox  species 
in  the  solution.  This  situation  becomes  somewhiit 
more  complex  if  surfac,;  siaies  are  present  on  the 
silicon.  For  hare  Si,  the  conduction  and  valence 
band  edges  in  aqueous  solutions  have  been  re¬ 
ported  as  -  l.7d  and  -0.6d  V.  respectively  [2Ml. 
Under  the  conditions  of  our  experiments,  the 
Cd/Cd’'  redox  species  lies  at  -0.654  V  and 
that  of  the  Te/HTeO;  at  0.1.56  V.  Hence.  Cd 
and  nt)t  I'e  would  be  expected  to  undergo  a 
deposition  reaction  by  hole  injection  into  the  Si 
\alenee  band.  I'he  fact  that  it  is  tellurium  which 
is  deposited  would  suggest  that  under  the  acidic 
conditions  here,  cadmium  must  subsequently  un¬ 
dergo  a  dissolution  reactitm  (essentially  a  ct)rro- 
sion  reaction).  This  would  provide  the  necessary 
electrons  for  the  tellurium  dcpositit)n  which  would 
be  in  competition  with  the  hydrogen  evolution 
reactit)n  as  the  corresponding  cathodic  corrosion 
process. 

.\PS  measurements  d  ig.  })  were  carried  out 
on  a  p-lype  Si  sample  which  was  left  standing  in  a 
solution  containing  .50(10  ppm  Cd’'  and  .50  ppm 
HTeOj  at  pH  1.6  and  /'=5f>('.  The  measure¬ 
ments  indicated  that  no  cadmium  was  to  be  found 
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in  the  sample.  However,  values  of  576.1.  572  0 
and  5fv').46  eV  for  the  I'e  .5d.;  ^  binding  energies 
were  recorded.  The  first  two  correspond  to  l  eO, 
and  Te,  respectively  [.52].  I'he  third  peak  can 
tentatively  be  assigned  to  Ic  associated  with  a 
more  electropositive  element  and  this  is  most 
likely  to  be  Si.  No  data  are  currently  available 
which  relate  this  value  to  that  of  a  tellurium 
silicide.  However.  examinatit)n  ol  the  correspond¬ 
ing  .Si  2p  spectrum  shows  the  Si-Si  peak  at  P‘>.4 
eV  and  a  peak  around  10,5.4  cV  corresponding  to 
SiO;.  The  latter  peak  is  broad  and  we  note  that 
;in  Si-'I'e  bond  wivuld  appetir  in  this  region,  it 
shvtuld  iilso  be  noted  that  in  certain  electri'less 
depositions  involving  visible  raiiiation.  silicide  lay¬ 
ers  have  been  known  to  form  on  silicon  substrates 
[.5|..5,5].  Further  evidence  for  this  tellurium  layer 
comes  from  amilysis  of  the  layer  by  DSC'.  Fig.  4 
shows  the  trace  obtained  and  an  endothermic 
transition  is  observed  at  4,5.5“C'.  which  has  been 
attributed  to  the  melting  of  thin  films  of  tellurium 
metal  [27. ,54].  No  other  peaks  were  observed  over 
the  temperature  range  studied,  up  to  lOOO 

From  the  above  discussion,  it  would  therefore 
appear  that  the  subsequent  electrodeposition  re¬ 
action  for  C'd  Te  occurs  not  on  the  silicon  surface 
but  on  a  tellurium  layer  ;is  once  the  Si  surface  is 
covered  by  the  metal  film,  the  substrate  behaves 
like  the  metal  electrode  with  respect  to  redox 
species  in  the  solution.  'Fluis,  the  mechanism  pro¬ 
posed  by  Panicker  ;md  co-workers  [14]  for  the 
electrodepositkin  of  C'd  I'e  using  the  above  siilu- 
tion  is  equally  valid  here  and  the  shift  to  more 
positive  values  in  the  depv)sition  potentials  of 
both  Te  and  C'd  will  occur.  Indeed,  the  single 
deposition  wave  shown  in  Fig.  I  indicates  that  the 
alloy  C'd'l'e  is  formed  rather  than  the  separate 
depositions. 
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Fig.  r Aporlmenliil  J-’/'  plot  <  )  lor  the  growth  of  ('dTc 

on  n-lype  Si.  The  mtulel  (a)  sht)ws  the  first  layer  clue  to 
spontaneous  le  gro\sth  {//  =  1.66.  k  ~  O.DS  and  thickness  ."^20 
.\)  and  the  second  layer  ot  cleclrodcposited  ('die  (//  =  2. to. 

A  -  ilm:), 


A  typical  diipsomctry  A-'l'  plot  monitored 
during  eicctrodcposition  of  C'd'I'e  on  n-type  Si  is 
shown  in  J-ig.  This  clearly  shows  the  change  in 
the  J-V'  values  which  occurs  due  to  the  forma¬ 
tion  of  the  spontaneous  layer  on  the  silicon  sur¬ 
face.  prior  to  the  sttirt  of  the  electrodeposition 
reaction.  The  difference  between  the  bare  Si  sub¬ 
strate  value  and  that  at  the  start  of  the  electrode- 
position  reaction  c;in  be  accounted  for  by  the 
spontaneous  deposition  of  a  32(1  A  thick  film 
having  n  =  l.bb  and  k  =  O.OS.  These  values  are  in 
c'  se  agreement  to  experimentally  determined 
optical  constants  for  thin,  clectrodepo.siied  layers 
of  tellurium  [27],  The  second  layer  which  grows 
on  top  of  this  corresponds  to  Cd'l'e  with  optical 
constants  of  n  =  2.b.s  and  A- =(1.312  [.T*'].  The 
model  provides  ti  close  match  to  the  experimental 
data  up  to  a  C'd  Te  thickness  rrf  <^00  A  after  which, 
there  is  a  quite  substantial  dix  crgence.  This  might 
not  be  too  surprising  since  over  the  time  scale  of 
deposition  here,  the  composition  of  the  solution 
would  be  tiltered  as  the  tellurium  concentration 
becomes  depleted,  which  in  turn  further  affects 
the  stoichiometric  composition  of  the  deposit  as 
has  been  discussed  in  a  previous  paper  [27]. 

The  XRD  spectrum  of  a  film  clectrodeposited 
on  n-type  Si  at  -()..S  V  is  shown  in  l-'ig.  (i. 


Although  the  spectrum  is  quite  noisy,  there  are 
two  distinct  peaks  are  at  IH  =  23. ‘T  and  3‘f..s  . 
corresponding  to  r/-sp;icings  of  3.72  and  2.2iS  A 
along  the  (111)  and  1220}  orientations  of  C'd'Tc. 
respectively.  These  are  in  close  agreement  with 
XRD  data  for  CdTe  [3b].  After  annealing  in  air 
at  40()°C'  for  10  min.  these  peaks  become  sharper 
and  there  is  also  an  increase  in  intensity  (Fig.  b). 
Two  new  peaks  at  27.7°  and  4b. 8°  are  also  brought 
into  prominence.  These  correspond  ti  the  d- 
spacing  of  3.22  A  in  C'dO.  TeO.  and  U'  the  C'd'Tc 
rZ-spacings  of  1.04  A  along  the  (311}  direction 
respectively.  These  are  again  in  excellent  agree¬ 
ment  with  literature  values  [3b].  .Annealing  pro¬ 
duces  an  increase  in  the  crystallinity  I'f  the  film, 
as  might  be  expected,  and  also  a  slight  preferred 
orientation  along  the  {III}  axis.  This  orientation 
of  C'd'Tc  is  the  one  most  commonly  found  f<’r 
clectrodeposited  films  [23]. 

A  Cd'Te  film  was  also  prepared  by  the  elec¬ 
trodeposition  method  on  p-type  Si.  DSC'  analysis 
on  this  film  did  not  rexeal  the  presence  of  either 
free  tellurium  or  cadmium  in  the  unannealed 
filni.  Rutherford  Backscattering  ( RBS)  ctirried  out 
on  this  sample  using  2  MeV  n4e  ions  is  shown  in 
Fig.  7.  This  shows  the  sample  to  he  non-uniform 
in  the  area  analysed  by  the  beam  (ca.  It. 2  mnri  as 
evidenced  by  the  sloping  back  edge  of  the  C'd, /'Te 
signal  and  the  sloping  front  edge  of  the  Si  signal. 


Fig.  6.  XRD  spcclTit  tor  ihc  clcclrocicpositocl  (  iHc  t>n  n  l\po 
Si.  before  iirui  nfler  10  min  annc.i!  in  iiii  ;U  400  (  . 
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I  hc  small  signal  corresponding  to  silicon  at  the 
surlacc  suggests  that  there  is  either  pinholing  or  a 
small  amount  of  Si  incorporation  into  the  layer. 
The  presence  of  an  oxygen  signal  indicates  that 
this  element  is  to  be  found  throughout  the  layer. 
.A  careful  examination  of  the  Cd/1'e  signal  gives 
a  C'd  :  d  c  rtitio  of  II. S:  1.  This  excess  of  Te  was 
also  evident  from  TDAX  analysis  of  this  layer 
which  ga\e  a  ca.  (1.3:  I  Cd:Te  ratio  in  the  film. 
The  lower  ratio  seen  by  the  HDAX  analysis  stems 
from  the  fact  that  the  depth  probed  by  the  analy¬ 
sis  (17  keV  electron  beam)  will  be  much  greater 
than  that  of  the  RBS  and  will  certainly  be  picking 
up  the  tellurium  layer  initially  formed  on  the  Si 
surface.  I'he  fact  that  DSC'  analysis  did  not  show 
this  Te  excess  might  be  because  this  is  present  as 
the  silicide.  as  implied  by  the  in-situ  ellipsometry 
d;ita  and  by  the  XPS  results  of  the  spontaneous 
deposit  or  that  it  has  been  transformed  to  the 
dioxide  prior  to  DSC  analysis. 

A  4700  .A  film  was  electrodeposited  at  -0.8  V 
on  n-type  Si  and  annealed.  The  film  appeared 
dull  grey  prior  to  annealing  and  metallic  looking 
subsequently.  XPS  analysis  showed  (he  presence 
of  a  strong  SiO,  signal  which  is  surprising  since 
the  substrate  should  be  buried  under  the  rela¬ 
tively  thick  deposit.  This  wcuild  indicate  that  the 
electrodeposited  film  must  be  non-uniform,  al¬ 
lowing  access  of  the  beam  to  the  silicon.  It  should 
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be  noted  that  a  similar  conclusion  as  to  the 
nature  of  the  film  on  p-type  Si  was  reached  after 
analysis  of  the  RBS  data  of  Fig.  7.  I'he  XPS 
spectra  for  C'd  and  Te  in  this  film  are  given  in 
Fig.  8  and  indietite  that  the  majority  of  1'e  is 
present  as  TeO.  ( /■.  „  =  .s7b.l  eV).  There  is.  how  ¬ 
ever.  a  small  shoulder  at  ea.  >12.1  eV'  th;it  could 
eorresponil  to  cither  Te-Te  or  (  die.  as  these 
compounds  have  binding  energies  that  are  very 
close  t(/gether.  ,s72.'l  and  >12.1  e\'.  respectively 
(32].  The  ctilculation  for  the  Cd:  Te  ratio  in  the 
film  is  made  more  difficult  here  by  the  fact  that 
the  Te  at  the  surface  is  present  as  TeO.  and  as 
noted  above,  the  film  is  also  discontinuous.  How¬ 
ever.  if  we  assume  th;it  the  Cd  Te  film  is  homoge¬ 
neous  and  thick  in  those  regions  of  the  substrate 
on  which  it  grows,  the  value  calcuhited.  corrected 
for  sensitivity  and  inelastic  escape  depth  differ¬ 
ences.  is  Cd :  Te  0.8:1.  Kohiki  and  co-workers 
[37]  have  reported  a  surface  ratio  for  Cd:Te  of 
0..S :  I  for  Cd  Te  oxidized  in  ambient  atmosphere 
over  a  period  of  ten  days.  They  suggested  that  the 
incorporation  of  oxygen  caused  the  breaking  of 
(he  ('d-Te  bonds  and  the  formation  of  Te-O 
and  Cd-O  bonds  at  the  surface.  Subsequently, 
the  CdO.  which  is  less  stable  than  TeO,.  vapor¬ 
izes.  leaving  the  oxide  layer  rich  in  Te. 


4.  Conclusions 

The  electrodeposition  vif  C'd'Fe  from  aqueous 
solution  containing  H'TeO  j  and  Cd  ' '  ions  at  pH 
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l.S  and  temperature  range  55  to  7()“C  has  been 
earried  out  on  p-type  {100}  and  n-type  (111)  sili- 
eon  substrates.  There  is  strong  evidenee  to  sug¬ 
gest  that  on  both  surfaces,  a  spontaneous  layer  of 
tellurium  is  deposited  prior  to  any  electrochemi¬ 
cal  reaction.  This  is  most  likely  to  be  initiated  by 
hole  injection  into  the  valence  band  of  Si.  Growth 
ol'  the  Cd'Te  occurs  on  this  layer  and  a  single 
wave  is  observed  for  the  electrodeposition  indi¬ 
cating  that  alloy  formation  occurs  rather  than 
individual  deposition  of  the  two  components.  An¬ 
nealing  at  4(I(I°C  for  10  min  increases  the  crys- 
’.allinity  of  the  layer,  although  the  surface  layer 
appears  to  become  heavily  oxidized,  with  the 
majority  of  surface  Te  species  present  as  TeO,. 
Th^  CdTe  films  do  not  appear  to  form  a  coherent 
layer  on  the  silicon  surface.  Further  studies  on 
the  growth  mechanism  of  the  sponttineous  le 
layer  and  vin  the  role  of  the  photvtn  in  the  process 
are  currently  in  progress. 
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Abstract 

Recent  w(irk  has  shown  that  nitrogen  produced  in  a  plasma  source  is  a  p-lype  doptint  in  MBH  grown  ZnSe  with 
y,  -  to  1  X  lO'^  cm  but  at  these  concentrations  the  material  is  highly  compenstited.  In  a  previous  study,  we 
have  examined  the  PL  spectra  of  nitrogen  doped  material  grown  in  our  laboratory  and  htive  shown  that  there  are- 
two  sets  of  donor-acceptor  pair  (DAP)  peaks  which  can  be  explained  by  a  simple  model  involving  a  nitrogen 
acceptor  and  two  donors.  The  first  donor  is  a  native  shallow  donor  and  the  second  is  a  nitrogen  rehited 
compensating  donor  thought  to  be  a  complex  of  the  form  V..,^,-Zn-N.^^..  Optically  detected  magnetic  resonance- 
results  on  samples  showing  both  shallow  and  deep  DAP  luminescence  show  signals  due-  to  the  shallow  isotropic 
lionors  and  deep  anisotropic  donors  consistent  with  our  proposed  model.  Calculations  of  the-  vacancy  concentrations 
and  degree  of  compensation  that  should  be  expccled  in  nitrogen  dope’d  Zn.Sc  show  that  at  all  temperatures  and 
under  all  growth  conditions  the  material  is  highly  undersaturated  with  vacancies.  The  barriers  operating  to  prevent 
the-  compensation  are-  discussed. 


I 


I.  Intraductiun 

The  behaviour  of  the  group  V  element  nitro¬ 
gen  in  ZnSe  is  currently  of  great  interest  as  at 
present  it  is  the  only  reliable  p-type  dopant  avail¬ 
able  which  can  be  used  in  the  molecular  beam 
epitaxial  growth  of  ZnSe.  Nitrogen  can  only  be 
incorporated  into  the  ZnSe  epilayers  by  being 
activated  in  an  RF  discharge  as  first  shown  by 
Ohkawa  [I]  and  Park  [2].  Oiu  et  al.  [3J  showed 
that  doping  levels  of  1  X  10”*  cm  ’  could  be 
obtained  with  substrate  temperatures  during 
growth  of  25()-.1(K)°C  and  that  this  upper  limit 


*  Corresponding  ;iu(hor. 


was  relatively  insensitive  to  total  nitrogen  flux. 
Higher  doping  levels  of  2  x  10 cm  '  were  ob¬ 
tained  by  these  authors  with  a  reduction  in  the 
growth  temperature  to  15()°C  [4]. 

ZnSe  doped  with  nitrogen  shows  weak  accep¬ 
tor  bound  exciton  emission  and  prominent 
donor-acceptor  pair  (DAP)  emission  at  4  K.  Wc 
havc  previously  shown  that  there  are  two  sets  of 
DAP  transitions  involving  nitrogen  acceptors  and 
two  different  donors,  these  being  native  residual 
donors  and  deeper  donors  situated  approximately 
44  meV  below  the  conduction  band  edge  [.‘'-7]. 
The  deep  donor  concentration  increases  with  the 
incorporation  of  nitrogen  and  we  have  suggested 
that  this  deep  donor  is  actually  a  complex  consist¬ 
ing  of  a  nitrogen  acceptor  and  a  doubly  charged 
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selenium  vaeancy  donor  on  next  nearest  neigh¬ 
bour  sites  (N^^.-Zn-V^^.' ).  The  complexing  of  ni¬ 
trogen  atoms  with  vaeancies  results  in  the  auto- 
eompensation  of  the  material  and  leads  to  a 
lowering  of  -  /V,,.  Subsequently,  the  presenee 
of  large  numbers  of  vaeancies  within  ZnSe ;  N  has 
also  been  suggested  by  Petruzzello  et  ai.  [8]  as  an 
explanation  for  the  anomalous  relaxation  of  the 
lattice  parameter  of  heavily  doped  ZnSe :  N  as 
observed  by  double  crystal  rocking  curves.  Our 
proposals  are  also  consistent  with  these  authors 
TEM  and  Raman  measurements. 

In  this  paper,  we  present  recent  results  ob¬ 
tained  by  optically  detected  magnetic  resonance 
(ODMR)  which  are  also  in  accord  with  the  model 
developed  in  ref.  [7].  Also,  as  vacancies  are  a 
mobile  species  within  the  semiconductor  lattice, 
the  dynamic  properties  of  vacancies  and  any  com¬ 
plex  involving  them  arc  of  interest.  We  have 
previously  shown  that  the  complexing  process  can 
continue  after  growth  even  at  rewm  temperature 
consistent  with  the  diffusion  of  vacancies  from 
the  surface  [6.7],  In  order  to  understand  the 
behaviour  of  this  material,  we  have  modelled  the 
vacancy  concentrations  as  a  function  ol  tempera¬ 
ture  and  selenium  and  zinc  overpressures.  We 
have  found  that  the  material  is  always  undersatu- 
rated  with  vacancies  and  that  there  is  a  substan¬ 
tial  conccntraticm  gradient  leading  to  the  subse¬ 
quent  indiffusion  of  vacancies. 


2.  Experimental  procedure 

I'he  samples  were  grown  in  a  Vacuum  Genera¬ 
tors  288  MBE  system  on  GaAsdlHI)  substrates  at 
a  growth  temperature  of  280”C.  Solid  Knudsen 
sources  of  zinc  and  selenium  were  used  and  the 
selenium  was  not  cracked.  Nitrogen  doping  was 
obtained  by  using  an  Oxford  Applied  Instruments 
plasma  source. 

ODMR  on  these  samples  was  carried  out  at 
*^..72  GHz  with  a  2..“'  T  superconducting  magnet. 
The  luminescence  was  excited  with  .750  nm  from 
a  coherent  krypton  ion  laser  and  microwave  in¬ 
duced  changes  in  the  emission  were  detected 
using  an  S2()  photomultiplier  and  a  lock-in  detec¬ 
tor.  The  microwaves  were  modulated  at  .7(K)  Hz. 


Details  of  the  technique  can  be  found  in  Cavenett 

[9]. 


3.  ODMR  results 

Fig.  1  shows  the  emission  spectra  at  2  K  for 
two  ZnSe  :  N  samples.  The  shallow  DAP  recombi¬ 
nation  transitions  are  shown  in  (a)  for  a  sample 
with  -  A’,,  =  d  X  It)''’  cm  A  weak  deep 
DAP  recombination  can  be  seen  between  the 
main  transitions  which  are  separated  by  the  TO 
phonon  energy.  In  (b)  the  deep  DAP  emission 
dominates  the  spectrum  for  a  sample  with  .V^  - 
V|)  =  4  X  10'  cm 

Fig.  2  shows  the  ODMR  signals  for  the  two 
samples  shown  in  Fig.  I  where  the  maximum 
microwave  induced  change  in  the  luminescence 
was  0.5G.  Fig.  2a  shows  the  results  for  the  sam¬ 
ple  with  lower  nitrogen  doping  with  the  emission 
spectrum  given  in  Fig.  la  and  the  three  signals 
which  are  increases  in  emission  correspond  to  g 
values  of  1.1 1  ±  0.02.  1..78  ±  0.03  and  2.(H)  ±  0.02. 
as  indicated.  The  resonance  at  g=  1.11  is  well 
known  as  the  shallow  donor  resonance  and  has 
been  reported  previously  by  Dunstan  et  al.  [10]. 
The  ,g  =  2  resonance  is  typical  of  deep  acceptors 
in  ZnSe  [11],  whereas  the  g  =  1.38  resonance  has 
not  been  observed  before.  In  the  case  of  the 


Wavelength  (A) 


Fig.  1.  Phoioluminescence  spectra  of  the  samples  used,  (a) 
I.ow  nitrogen  concentration  sample  <  .V\  -  -V,,  x  lO*'* 
cm  ')  showing  deep  and  shallow  DAP  recombination,  (h) 
High  nitrogen  concentration  sample  (;V\  -  N,,  =  4  x  10' 
cm  ')  showing  deep  DAP  recombination  only. 
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Magnetic  Field  (T) 


Fig.  2.  ODMR  signals;  (a)  from  the  sample  shown  in  Fig.  la: 
(b)  from  the  sample  shtmn  in  Fig.  lb.  The  scale  factors  are 
relative  to  the  largest  signal,  which  was  a  change  in  lumines¬ 
cence  of  .  Note  that  the  signals  in  (b)  were  actually 
negative,  sec  text. 


sample  shown  in  Fig.  lb  w'here  the  emission  is 
from  deep  DAP  reeombination.  only  two  reso¬ 
nances  are  observed,  and  these  are  deereases  in 
the  emission  corresponding  to  the  ease  where 
there  is  a  decrease  in  the  radiative  DAP  transi¬ 
tions  because  iif  citmpeting  non-radiative  reeom¬ 
bination  processes.  The  absence  of  the  shallow 
donor  signal  is  consistent  with  the  fact  that  the 
shallow  DAP  transitions  have  been  largely  sup¬ 
pressed  at  the  higher  nitrogen  concentrations. 

The  recombination  model  proposed  by  Hauks- 
son  et  al.  [7]  involves  two  recombination  paths, 
namely,  shallow  donr)r  to  nitrogen  acceptor  and 
deep  donor  to  nitrogen  acceptor.  We  assign  the 
g  =  1.11  resonance  to  the  25  meV  shallow  donors, 
the  g  =  1.-78  signal  to  the  44  meV  deep  donor  and 
the  g  =  2.00  resonance  to  the  1 10  meV  deep 
nitrogen  acceptor. 


4.  Selenium  vacancies  in  ZnSe 

The  proposed  role  of  centres  in  the  com¬ 
pensation  process  in  p-type  ZnSe  was  supported 
by  the  observation  [7]  that  over  a  period  of  four 
months  the  carrier  concentration  as  measured  by 
C-V  profiling,  changed  from  a  uniformly  doped 
layer  to  one  shr)wing  a  surface  depiction  region 
and  a  decrease  in  -  A,,  characteristic  of  de¬ 


fects  diffusing  from  the  surface.  A  similar  change- 
can  also  be  seen  in  the  photoluminescence  as 
shown  in  Fig.  (.7).  Curve  (a)  shows  the  initial  PL 
data  characteristic  of  a  p-type  sample  with  .\\  - 
A„  =  5  X  10"’  cm  '.  that  is,  showing  principally 
shallow  DAP  transitions.  After  six  months,  curve 
(b)  the  deep  DAP  transitions  are  very-  much 
stronger,  implying  that  the  compensation  process 
has  proceeded  at  room  temperature. 

The  compensation  of  semiconductors  by 
charged  vacancies  has  been  studied  by  a  number 
of  authors  since  Mandel  [12]  showed  that  almost 
complete  compensation  could  occur  in  ll-VI 
semiconductors  via  the  singly  and  doubly  charged 
vacancies.  Recently,  the  behaviour  of  vacancies  in 
ZnSe  has  been  investigated  with  a  \  iew  tci  finding 
conditions  which  could  limit  the  compensation  by 
these  charged  species  [17-15],  Ichimura  et  al.  [17] 
have  examined  the  concentrations  of  vacancies 
which  occur  under  conditions  of  thermal  equilib¬ 
rium  and  photoirradiation  and  find  that  a  sub¬ 
stantial  reduction  in  concentrations  may  r)ccur 
with  weak  levels  of  above  bandgap  irradiation. 
Using  the  equations  and  free  energy  terms  given 
in  ref.  [17],  we  have  examined  the  ci>ncentrations 
of  vacancies  which  should  occur  as  a  function  of 
temperature  and  growth  conditions.  The  com¬ 
plete  set  of  equations  used  is  given  in  ref.  [17] 
and  only  those  equations  showing  the  formation 
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of  selenium  vacancies  are  given  here  to  illustrate 
the  main  points. 

The  concentration  of  neutral  and  charged  sele¬ 
nium  vacancies  can  be  obtained  from  the  follow- 


ing  equilibria: 

Zn^  =  Zn^„-h  V'^., 

(1) 

V^l  +  V,;  +  e  . 

(2) 

Vsl  =  -  e  . 

O) 

Similar  equations  can  be  written  for  the  zinc 
vacancy  species.  Eq.  (I)  involves  only  neutral 
species,  and  gives  a  value  for  the  concentration  of 
the  neutral  selenium  vacancy  which  is  indepen¬ 
dent  of  any  dopants  present  within  the  material. 
Ihus,  we  can  determine  the  concentration  of 
neutral  selenium  vacancies: 

=  ]//>.„•  (“») 
Here,  quantities  in  square  brackets  refer  to 
molar  concentrations  and  ;)/„  is  the  zinc  partial 
pressure  above  the  ZnSe  surface.  Eqs.  (2)  and  (.D 
involve  charged  species,  however,  and  thus  de¬ 
pend  upon  the  concentrations  of  electrons  pre¬ 
sent  within  the  material.  The  equations  for  the 
twii  charged  selenium  vaeancies  are: 

K,  =  (/,/.\V)[V,-,]/[v;'].  (5) 

A;  =  (/t/A'<  )[v.;^;j/[v,;.].  (P) 

Mere  n  is  the  electron  concentration  and  ,V  is 
the  density  of  states  in  the  conduction  band.  Eqs. 
(4)-(b)  may  be  then  combined  to  give  [V.f.‘ )  jp 
terms  of  and  n: 

=  K^K.K,^'^'py„/lr.  (7) 

Alternatively,  the  concentrations  of  the 
charged  vacancy  species  can  be  expressed  as 
functions  of  the  ['ermi  level  position: 

[V<;  1  =  exp[2(  -  /:,  )/AMy  )|, 

(X) 

The  concentrations  of  all  charged  species  are 
not  independent,  but  are  related  by  the  elec¬ 
troneutrality  relationship 

"  +  +2[V;„])  +  A, 

=  /’  +  ^(lVs;.|  +2[V^,'])  (‘f) 


where  A',  is  the  number  of  lattice  sites,  and  .V^ 
and  Ni)  are  the  shallow  acceptor  and  donor 
concentrations.  Given  these  equations,  and  those 
describing  the  concentrations  of  the  charged  zinc 
vacancies,  the  concentrations  of  all  charged 
species  can  be  determined  at  different  tempera¬ 
tures  and  zinc  and  selenium  pressures.  We  have 
obtained  values  for  the  charged  and  neutral  va¬ 
cancy  concentrations  for  a  wide  variety  of  initial 
conditions  covering  the  temperature  range  2.“'- 
.tlMfC.  The  pressures  of  zinc  and  selenium  used 
correspond  either  to  those  found  above  ZnSe 
under  free  evaporation  (with  no  applied  pres¬ 
sures  of  zinc  and  selenium  and  />y„  =  or  to 

a  range  of  overpressures  corresponding  to  those 
used  in  MBE  at  normal  growth  rates.  Under 
normal  p-type  doping  conditions  at  equilihrium  it 
can  easily  be  shown  that  the  doubly  charged 
selenium  vacancy  is.  by  several  orders  of  magni¬ 
tude.  by  far  the  most  common  species  tmd  changes 
remarkably  little  in  concentration  over  many  or¬ 
ders  of  magnitude  pressure  change  and  several 
hundred  degree  change  in  substrate  temperature. 
These  results  are  similar  to  those  published,  us¬ 
ing  the  same  thermodynamic  data,  by  Ichimura  et 
al.  [1.4]  for  higher  substrate  temperatures  and 
larger  overpressures. 

The  result  of  this  high  degree  r>f  compensation 
is  that  the  maximum  possible  hole  concentrations 
are  predicted  to  be  several  orders  of  magnitude 
smaller  than  those  observed  in  practice  and  are 
typically  in  the  range  !()'■'- K)’''  cm  '.  This  sug¬ 
gests  that  there  may  be  a  kinetic  barrier  or  pro¬ 
cess  which  prevents  the  formation  of  at  the 
surface  r)f  the  growing  semiconductor,  leaving  the 
epitaxial  layer  undersaturated  with  vacancies.  The 
slow  compensation  pnicess.  shown  in  our  sam¬ 
ples.  is  therefore  a  natural  adjustment  of  the 
vacancy  levels  towards  their  equilibrium  values, 
and  it  is  the  low  levels  of  eompensatiim  obtained 
by  nitrogen  doping  which  must  be  explained. 

One  .solution,  suggested  by  Woodall  et  al.  [I.‘'] 
is  that  band  bending  at  the  surface  leads  to  an 
increase  in  the  F-ermi  level  at  the  surface  with  a 
corresponding  reduction  in  [V.-.'  ].  This  is  shown 
in  Eq.  (8).  where  for  a  constant  zinc  pressure  and 
a  fixed  temperature  of.  for  example.  .‘'.‘'0  K  a 
change  in  the  F-'ermi  level  by  only  0..“'  eV  will 
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decrease  ]  at  equilibrium  by  X  lO'”.  The 
neutral  vacancy  will  then  become  the  dominant 
defect,  and  after  the  growth  front  has  passed,  the 
Fermi  level  will  move  towards  its  bulk  value  with 
the  simultaneous  ionization  of  the  selenium  va¬ 
cancies,  A  lower  limit  to  the  compensation  level 
will  be  given  by  the  concentration  of  neutrals 
which  incorporate  at  the  surface.  As  the  selenium 
vacancies  ionise,  there  exists  a  large  concentra¬ 
tion  gradient  of  neutral  vacancies  in  the  subsur¬ 
face  region. 

Woodall  et  al.  have  estimated  the  rate  of  indif¬ 
fusion  of  vacancies  under  MBE  growth  condi¬ 
tions.  and  obtain  a  value  of  1(1  ’’  cm' s  which 
is  considerably  in  e.xcess  of  the  measured  value 
for  diffusion  constants  at  the  growth  tempera¬ 
ture.  .At  room  temperature,  the  vaeancies  are 
seen  to  move  distances  of  the  order  of  0.1  jum 
o\er  times  of  the  order  of  months,  implying  diffu¬ 
sion  constants  in  the  region  of  10  '  cm’  s  '. 
This  is  still  rather  fast,  and  suggests  that  the 
diffusion  over  these  timescales  may  involve  other 
mechanisms.  In  addition  to  neutral  vacancy  mi¬ 
gration.  the  charged  vacancies  will  also  migrate  in 
the  electric  field  in  the  dcpicdon  region  of  the 
semiconductor.  With  the  addition  of  an  applied 
field,  we  have  seen  enhancements  in  the  rates  of 
diffusion,  hvtwever  these  are  still  not  large  enough 
to  account  for  the  extremely  fast  movement  seen 
in  our  samples.  One  further  possibility  is  that  the 
large  number  of  threading  dislocations  can  act  as 
fast  routes  for  vacancy  transport.  F-urther  study- 
using  lattice  matched  samples  with  low  disloca¬ 
tion  densities  is  therefore  needed  to  separate 
these  mechanisms. 


6.  Conclusion 

We  present  ODMR  data  which  show  the  pres¬ 
ence  of  the  selenium  vacancy-nitrtvgen  deep  donor 
in  agreement  with  our  previous  analysis.  Our 


calculations  show  that  p-type  Zn.Se  is  undersatu¬ 
rated  with  vacancies  at  the  growth  temperature 
and  at  room  temperature.  We  suggest  that  the 
band  bending  at  the  surface  presents  a  barrier  to 
the  formation  of  the  charged  vacancies  in  agree¬ 
ment  with  the  model  proposed  bv  Woodall  et  al. 

li-U 
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Abstract 

Donor-acccptor  picicrcntial  pairing  can  occur  in  compcnsalcil  scmiconduclors  due  to  the  Coulomb  attraction 
hct\sccn  ioni/cd  donors  and  acceptors.  However,  extensive  preferential  pairing  rec|uircs  high  ion  mobilities  at 
rclativcK  low  temperatures,  and  has  been  ver>  diflieull  to  establish  conclusively.  We  here  report  identification  ol 
such  preferential  pairing,  from  donor-aeeeplor  pair  luminescence  in  two  samples  of  Nti-doped  /.nSe.  We  obserxcil 
essentially  identical  close  pair  lines  (both  in  location  and  in  relative  intensity  )  in  both  samples,  but  the  associated 
distant  ptiir  peak  was  observed  at  a  higher  energy  in  one  sample  than  in  the  other.  We  explain  this  by  assuming  that 
there  is  strong  preferential  pairing  in  the  first  sample  and  weaker  pairing  in  the  second  sample.  Our  obseivalion  of 
prelerential  pairing  tilso  shows  th;it  one  can  have  high  ion  mobilities  in  ZnSe. 


1.  Introduction 

It  has  been  postulated  in  a  number  of  in¬ 
stances  that  in  compensated  semiconductors  one- 
can  have  preferential  (versus  random)  donor- 
ticceptor  ptiiring.  due  to  the  Coulomb  attraction 
between  ionized  donors  and  acceptors.  However, 
any  preferential  pairing  that  is  sufficiently  exten¬ 
sive  to  be  observed  requires  high  ion  mobilities, 
and  has  been  difficult  to  prove.  A  good  tool  for 
such  studies  is  donor-acceptor  pair  (DAP)  photo- 
luminescence  (PL),  which  in  general  is  a  useful 
tool  for  the  studies  of  impurity  properties  (1.2). 
By  our  observation  of  preferential  pairing,  we 
here  show  that  one  tun  have  such  high  ion  mobil¬ 
ities  in  ZnSe. 

Before  proceeding  to  describe  random  and 
preferential  pairing,  it  is  important  to  first  review 


*  (  orrcsponcling  ituihor 


DAP  theory.  Specifically.  DAP  luminescence  can 
be  divided  into  two  ranges,  one  involving  (sharp) 
lines  due  to  close  pairs  and  the  other  involving  a 
broad  peak  (and  its  phonon  replicas)  due  tt)  the 
distant  pairs  (e.g..  refs.  [1.2]).  This  behavior  can 
best  be  understrvod  by  consideration  of  the  under¬ 
lying  equiitions.  The  emission  energy  from  any 
given  DAP.  hr.  can  be  well  approximated  (ne¬ 
glecting  the  quantum  overlap  term,  which  is  sig- 
nifictint  only  at  fairly  small  R)  as  a  function  of 
the  pair  separation.  R.  by; 

hr  =  hr'  -I-  r' /t  R.  (  I ) 

/ir'  =/-;^ (2) 

where  hr'  is  the  emitted  energy  at  infinite  pair 
separation,  the  c'/eR  term  results  from  the 
Coulomb  interaction  between  the  ionized  donor 
and  acceptor,  f  is  the  dielectric  constant,  c  is  the 
electron  charge  (.^.847  X  10  ^  eV  cm),  is  the 
band  gap  energy,  and  /'.'i,  is  the  donor 
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(acceptor)  ionization  energy.  Discrete  lines  often 
result  from  close  pairs  due  to  a  large  emission 
energy  spread  between  the  lines  (small  R\).  The 
intensity  distribution  of  these  lines  is  determined 
by  the  number  of  sites  available  for  each  shell 
(where  a  set  of  lattice  positions  at  a  given  R  is 
called  a  shell).  For  distant  pairs,  using  /(/ir)  = 
HR)  d«/d/i/’  [l-.U 

I[hr)  =  .\„^Jf/e-)R'r{  R)W{  R)f{  R).  (3) 

R(R) 

=  e.\p(  ('»■/«)  e.\p(  -47r.'V,„,„/?  V.3), 


(4) 

H  (  R)  =  e.\p(  -2R/^l^^).  (5) 

/(  «)  =  [1  +  U  (  i^)A'<r(/?)l  (6) 

,t(R)=AR\  (7) 

a=c-/fkT.  (S) 


where  /(/iiO  is  the  emission  intensity.  PiR)  the 
distribution  of  ptiirs  [3].  H'(K)  the  radiative  tran¬ 
sition  probability,  u,,  the  Bohr  radius  of  the  shal¬ 
lower  member  of  the  pair.  i'(R)  the  fraction  of 
excited  pairs.  .V,,,,,,,,,,,,,  the  concentration  of  the 
neutral  majority  (minority)  dopant.  «  the  temper¬ 
ature  dependent  C'oulomb  term  [31.  k  the  Boltz¬ 
mann  constant.  7  the  temperature  at  which  ion 
mobility  ceases.  ,e  the  continuous  excitation  in¬ 
tensity.  <t(R)  the  capture  cross  section,  and  A 
<ind  H’,|  are  constants.  For  distant  pairs,  the  pair 
lines  overlap,  leading  to  a  broad  peak  in  intensity 
versus  energy.  This  "distant  pair”  peak  cK'eurs 
because  the  luminescence  intensity  first  increases 
with  increasing  R  as  more  sites  become  available 
for  the  second  member  of  the  pair.  Flowever.  the 
radiative  transition  probability.  W{R).  decrea.ses 
exponentially  with  increasing  R.  and  the  intensity 
eventually  vleereases  because  the  most  distant 
pairs  hardly  contribute  to  the  luminescence. 

I  he  degree  of  preferential  pairing  is  given  by 
the  temperature  dependent  Coulomb  term  (8): 
o  =  0  (  /'  ^  x)  for  random  pairing,  and  «  >  0  for 
preferential  pairing.  From  (8).  it  can  be  seen  that 
any  preferential  pairing  that  is  sufficiently  exten¬ 
sive  to  be  observed  requires  ions  to  be  mobile  to 
relatively  low  temperatures.  Moreover,  in  prac¬ 


tice.  it  is  generally  very'  difficult  to  determine 
whether  such  pairing  is  indeed  present,  since  data 
can  usually  be  fitted  either  by  this  pairing  or  by 
adjusting  other  parameters  of  the  theory,  such  as 
the  impurity  radius,  where  the  latter  is  usually 
pcHirly  known. 

It  can  be  noted  that  in  preferential  pairing, 
due  to  the  Coulomb  attraction,  the  average  pair 
separation  is  smaller  than  the  one  in  random 
pairing.  Thus,  from  ( I ).  it  can  be  seen  qualita¬ 
tively  that  a  preferential  pairing  peak  will  appear 
at  a  higher  energy  (smaller  R)  than  a  random 
pairing  peak.  The  same  can  be  shown  quantita¬ 
tively.  Fqs.  (l)-(8)  lead  to  a  maximum  in  /(/tr) 
versus  hv.  In  the  notation  of  ref.  [2].  the  value  of 
R  at  the  maximum.  can  be  expressed  as  [3J; 

+  “  4  =  ('• 

(‘^) 

where  f„,  is  the  value  of  j\R)  at  separation  R„y 
This  result  also  gives  the  eorre.sponding  Coulomb 
energy.  [2]: 

(10) 

Therefore,  from  C-)).  it  can  be  seen  that  the  dis¬ 
tant  pair  peak  due  to  preferential  pairing  will  be 
found  at  a  higher  energy  than  the  one  due  to 
random  pairing. 

The  distant  DAP  peak  position  also  depends 
on  excitation  intensity.  In  ref.  [4].  it  is  shown  that 
distant  pair  peaks  shift  to  higher  energies  as  the 
excitation  intensity,  g.  is  increased.  We  have  also 
calculated  the  excitation  intensity  dependence  of 
the  DAP  peak  position  as  a  function  of  «  by- 
substituting  (6)  and  (8)  into  (0)  and  solving  for  the 
normalized  excitation  intensity  (g.4/lf||).  using 
=  10''’  cm  ^  and  «„  =  3.6  X  10  'em  [5].  The 
plot  of  the  normalized  excitation  intensity  versus 
the  Coulomb  energy  is  shown  in  Fig.  I  for  ran¬ 
dom  pairing  (a  =  0  cm)  and  for  preferential  pair¬ 
ing  (n  =  6.5  X  10  ’  cm),  where  we  assume  the  ion 
mobility  to  cease  at  T  =  4(K)  K.  It  can  be  seen 
that  at  high  excitation  intensity,  the  Coulomb 
shift  is  larger  for  preferential  pairing  than  for 
randtvm  pairing.  5  meV  in  this  example.  We  fur¬ 
ther  note  (eq.  (9)  and  e.g.  ref.  [6])  that  the  rate  of 
shift  also  depends  on  and  although  the 
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effect  of  the  latter  is  relatively  minor.  Thus,  if 
is  poorly  known,  a  cannot  be  determined  from 
the  shift  of  the  peak  with  intensity. 


2.  Experimental  procedure 

The  two  specific  samples  on  which  we  report 
here  were  Na  doped  ZnSc.  The  spectra  of  one 
(A)  has  been  reported  and  discussed  previously 
[6.7].  This  sample  was  grown  by  adding  Na,Sc 
and  Sc  to  a  Bi  melt,  and  heating  ZnSe  crystalline 
wafers  in  contact  with  this  melt.  The  procedure  is 
similar  to  that  used  for  liquid  phase  epitaxy  (LPE) 
layers  in  ZnSe,  except  that  Zn  was  omitted  from 
the  melt.  This  was  done  to  encourage  the  Na  t<4 
be  incorporated  on  the  substitutional  Zn  sites. 
The  other  sample  (B)  was  grown  via  the  vertical 
zone  method  [8]  from  50  g  ingots  at  l574‘’C.  The 
dopant  was  Na.Se  (Cerac),  99.9^;^  pure,  intro¬ 
duced  to  the  top  of  the  charge.  The  crystals 
contained  less  than  20  ppm  of  all  impurities,  with 
sulfur  being  the  major  impurity  [8]. 

The  low  temperature  PL  measurements  of 
these  samples  were  made  at  9  K  using  a  Janis 
Closed  Cycle  Refrigeration  System.  The  cxcita- 
tit)n  source  was  a  HeCd  CW  laser  emitting  in  the 
L/V  (.125  nm;  a  UG-II  filter  was  used  to  elimi¬ 
nate  the  low  power  emission  at  442  nm).  The 
spectra  were  processed  by  a  Jarrell-Ash  0.75m 


i(ii 

Czerny-Turner  Spectrometer  (model  78-496)  and 
detected  by  a  cooled  Hamamatsu  R329-02  photo¬ 
multiplier  tube.  The  PMT  signal  was  recorded  by 
an  SR400  Gated  Photon  Counter,  whose  output 
was  plotted  on  a  computer. 


3.  Results  and  discussion 

The  spectrum  of  sample  A  is  shown  in  Fig.  2 
(the  spectrum  was  retaken  here,  for  better  com¬ 
parison  to  B).  As  shown  previously  [6.7].  there  are 
close  pair  lines  from  2.78  eV  down  to  2.73  eV.  a 
pronounced  DAP  peak  at  2.685  eV  (with  phonon 
replicas  at  lower  energies),  and  a  shoulder  at 
2.704  eV.  One  can  also  note  bound  e.xciton  lines; 
two  I,  lines  (at  2.7942  and  2.7936  eV.  due  to 
Na^n),  an  I.  line  (at  2.7979  cV,  due  to  donors), 
and  a  phonon  replica  of  the  I,  lines  (the  notation 
is  standard  [1,6,7]).  The  pair  line  intensity  distri- 
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Fig.  2.  Photolumincsccnce  of  samples  A  and  B  at  K.  The 
insert  shows  a  close  up  of  Ihe  DAP  peaks  and  lines  fri>ni  clt>sc 
pairs  of  Nnh  samples.  In  sample  A.  there  are  close  pair  lines 
from  2.78  eV  down  U>  2.73  eV.  a  pronounced  DAP  peak  al 
2.685  eV  (wilh  phonon  replicas  al  lower  energies),  a  shoulder 
al  2.704  eV.  Iwo  I,  lines  (al  2.7^42  and  2.7^36  eV.  due  to 
Na/„K  an  I  -  line  (al  2.7U7S)  eV.  due  lo  donors),  and  a  phom)n 
replica  of  the  I,  lines.  In  sample  B.  there  are  close  pair  lines 
between  2.73  and  2.78  eV  (where  for  this  sample  the  spectrum 
in  this  region  must  be  magnified  for  this  obsersaiion).  a 
pronounced  DAP  peak  at  2.683  eV  (wilh  phonon  replicas  at 
lower  energies),  a  shoulder  at  2.6^5  eV  (arrow),  an  I,  line  (at 
2.7943  eV.  corresponding  lo  the  position  for  Na,  with  the 
second  Na  line  not  resolved),  an  1  v  line  (at  2.7980  eV.  due  lo 
donors),  an  line  (al  2.7828  eV)  and  a  phonon  replica  vif 
the  1(  line. 
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bution  is  different  for  donors  and  acceptors  on 
the  same  type  of  lattice  site  (type  I)  than  for 
donors  and  acceptors  on  different  lattice  sites 
(type  ID.  The  pair  lines  in  sample  A  were  identi¬ 
fied  as  type  II  [7]  by  successfully  matching  them 
with  similar  type  II  lines  in  GaP  and  with  theoret¬ 
ical  predictions  for  type  II  spectra.  Attempts  to 
superimpose  the  pair  line  spectra  on  known  type 
I  spectra  in  ZnSe  with  Li  acceptors  were  unsuc¬ 
cessful.  It  was  determined  that  in  view  of  Na 
doping  and  the  observation  of  Na  exciton  lines 
that  the  acceptor  species  must  be  Na  on  the  Zn 
site  (Na^i, ).  This  means  that  the  donor  in  the 
peak  associated  with  the  type  II  pairs  must  be  on 
a  site  other  than  Zn,  and  it  was  attributed  to  an 
interstitial  Na  donor  (Na,)  [6.7].  Also,  using  rea¬ 
sonable  values  for  pump  intensity  and  doping 
density,  it  was  determined  that  only  one  assign¬ 
ment  results  in  a  correct  value  of  the  Coulomb 
shift.  the  close  pairs  are  associated  with  the 
shoulder  at  2.704  cV.  which  is  due  to  Na^,,  ac¬ 
ceptor  and  Na,  donor,  and  the  peak  at  2.685  eV 
is  then  attributed  to  Na^„  acceptor  and  a  group 
III  metal  on  a  Zn  site  as  donor,  making  it  the 
so-called  "P"  peak  [0], 

The  luminc.sccncc  spectrum  of  sample  B  is 
also  shown  in  Fig.  2.  As  in  sample  A.  one  can 
note  close  pair  lines  between  2.7,5  and  2.78  eV 
(where  for  this  sample  the  spectrum  in  this  region 
must  be  magnified  for  this  observation),  and  the 
■  P"  peak  at  2.68,5  eV;  however,  there  now  is  a 
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t  ig.  .1.  Lines  from  close  pairs  of  sample  A  (hotlom)  and  sample  !■ 
omillcd.  There  is  a  change  of  scale  for  sample  A  from  IX  to  2X 
the  phonon  replica  of  Ihc  l|’“'‘’. 


shoulder  at  2.665  eV  rather  than  at  the  previously 
observed  2.704  eV.  An  1,  line  (at  2.764.5  cV; 
corresponding  to  the  position  for  Na.  with  the 
sectfnd  Na  line  not  resolved),  an  I,  line  (at  2.76X0 
eV),  an  line  (at  2.7828  cV)  and  a  phonon 

replica  of  the  I ,  line  are  also  visible. 

The  close  pair  lines  from  samples  A  and  B  are 
shown  in  Fig.  .5.  The  relative  intensities  of  pair 
lines  of  both  samples  are  just  about  identical  [lOj. 
The  line  energies  of  specific  shells  of  both  sam¬ 
ples  are  also  very  similar  (sample  B  exhibits  more 
substructure,  which  could  be  due  to  better  resolu¬ 
tion  of  shell  substructure,  but  the  overall  similar¬ 
ity  is  still  very  striking)  [II].  Therefore,  the  DAP 
species  must  be  the  same  in  both  cases,  and  thus 
the  lines  in  B  also  cannot  be  associated  with  the 
"P"  peak  at  2.68.5  eV.  but  must  be  associated 
with  the  shoulder  at  2.665  eV.  Thus  two  shoul¬ 
ders  (i.e.  minor  peaks),  one  at  2.704  eV  (A)  and 
the  other  at  2.665  (B)  eV  are  associated  with 
identical  DAP  species.  This  requires  stronger 
preferential  pairing  in  one  case  (A)  then  in  the 
other  (B).  We  still  note  in  this  connection  that  a 
peak  at  =  2.66  eV  could  be  associated  with  Li/„ 
as  acceptor  instead  of  Na/„.  However,  no  lithium 
acceptor  bound  e,\citon  (expected  at  2.7621  eV 
e.g.  ref.  [12])  was  observed,  and  this  rules  out  that 
the  shoulder  is  this  peak.  Another  peak  observed 
at  =  2.(>6  eV.  the  free-to-bound  (conduction  band 
to  Na/„  transition)  peak,  can  also  be  ruled  out 
because  frec-to-bound  peaks  do  not  shift  with 
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I  (Uip)  al  V  K.  The  1 1 "  peaks  of  both  samples  (2.7.S4-  2.7h4  eV)  are 
as  indicated.  Note  that  the  large  peak  al  2.7.S|.^  eV  in  sample  B  is 
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Fig.  4.  E\citalit>n  intensity  dependence  id  DAP  peaks  and  slnmlders  ol  sample  A  (left)  and  sample  (light).  Ihe  e.vcitalum 
intensity  is  II)  times  higher  tor  the  spectra  at  the  lop  than  t«>r  the  spectra  at  the  bottom.  There  is  a  change  t>t  scale  as  indicated. 


excitation  intensity  [1].  while  as  shown  in  Fig.  4 
the  shoulder  shifted  with  excitation  intensity  [1.4], 
Thus,  as  stated  above,  we  conclude  that  the 
shoulder  at  2.695  eV  in  sample  B  mwt  also  he 
due  to  Na|-Na/„  pairs,  hut  with  weaker  pairing 
than  in  sample  A. 

Our  conclusion  regarding  preferential  pairing 
is  supported  by  the  excitation  intensity  depen¬ 
dence  of  the  spectra,  shown  in  Fig.  4.  Fhe  shoul¬ 
ders  in  both  samples  shift  to  higher  energy  with 
increasing  excitation  intensity  faster  than  the  "P" 
peaks.  However,  because  Na,  dr)nors  in  the 
shoulders  have  a  lower  binding  energy  than  group 
III  donors  in  the  "P"  peaks  [2|.  we  expect  Na, 
donors  to  have  a  larger  Bohr  radius  [5]  than 
group  III  donors.  It  is  to  be  noted  that,  in  ab¬ 
sence  of  preferential  pairing,  a  larger  Bohr  radius 
leads  to  a  smaller  Coulomb  shift  [6).  Thus,  the 
observed  larger  shift  of  the  shoulders  must  be 
attributed  to  preferential  pairing  (however,  as 
argued  above,  sample  B  has  weaker  preferential 
pairing  than  sample  A). 

In  conclusion,  based  on  association  of  two 
different  peaks  in  sample  A  and  sample  B  with 
the  same  species  and  on  the  shift  with  excitation 
intensity  of  these  peaks  we  have  shown  the  exis¬ 
tence  of  preferential  pairing  in  ZnSeiNa.  Also, 
from  the  peak  location  in  the  two  samples,  we 
conclude  that  there  is  stronger  pairing  in  one 
sample  (A)  than  in  another  (B).  We  also  note  that 
we  believe  this  is  the  first  time  that  different 


DAP  peaks  have  been  associated  with  the  same 
close  pair  lines. 
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Abstract 

The  gnwth  and  nitrogen  doping  c!'  ZnSe  by  photo-assisted  organometallic  vapor  phase  epitaxy  (OMVPh)  have 
been  investigated  using  phenyihydrazine  (Phtlz)  as  the  dopant  source.  The  layers  were  eharaeteri/ed  using 
phololumineseence  (PL),  secondary  ion  mass  spectroscopy  (SIMS)  and  capaeiltinee-voltage  (C-L  )  measurements.  A 
high  incorporation  iif  nitrogen  was  observed  over  the  growth  temperature  range  between  .^.sl)  and  4t)l)  ('.  even  when 
extremely  low  dopant  partial  pressure  ot  II)  ^  atm  was  used.  Typical  layers  had  active  acceptor  eoneeniralions  of 
(1-2)  X  Id''  cm  ’.  Low  temperature  growth  kinetics  with  the  above  doptint  source  were  investigated  and  a  possible 
model  for  the  nitrogen  incorporation  is  presented. 


1.  Introduction 

During  the  past  two  years,  we  have  seen 
progress  being  made  in  achieving  heavily  doped, 
low  resistivity  p-type  ZnSe  [1].  This  resulted  in 
the  demonstration  of  bluc-grecn  laser  diodes  at 
low  temperatures  [2].  making  the  quest  for  effi¬ 
cient  blue  emission  from  ZnSc-related  structures 
a  reality.  However,  this  success  has  been  re¬ 
stricted  to  the  use  of  molecular  beam  epitaxially 
(MBL)  grown  ZnSe.  doped  by  active  nitrogen. 
The  demonstration  of  highly  doped,  low  resistiv¬ 
ity  ZnSe :  N  material  has  remained  elusive  in  an 
OMVPH  environment,  in  spite  of  the  fact  that 
incorporation  of  nitrogen  as  a  shttllow  acceptor 
was  first  demonstrated  by  OMVPK  [.1],  Harlier 
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studies  on  the  use  of  timmonia  (NH-)  [4]  as  a 
dopant  source  for  n-dt)ped  ZnSe  by  OMVPIf  did 
not  result  in  low  resistivity  material.  Recently, 
rapid  thermal  annealing  (R'LA)  at  7()()-(S()()''C  of 
n-doped  ZnSe  uoped  by  NH,  has  yielded  layers 
with  a  carrier  concentration  in  the  range  of  (I -.7) 
X  lO"’  cm  '  [.^].  Nitrogen  from  ammonia  is  be¬ 
lieved  to  incorporate  as  NH  or  NH,.  thereby 
being  electrically  inactive.  RTA  may  break  some 
of  these  incorporated  NH  molecules,  resulting  in 
electrical  activity.  Therefore,  alternate  nitrogen 
precursors  such  as  hydrazines  and  alkylamincs 
must  be  explored  which  are  thermally  less  stable 
than  ammonia,  and  preferably  deliver  atomic  ni- 
tn)gen  at  the  growth  surface. 

Hydrazine  (N,H,)  is  an  undesirable  dopant 
source  because  of  its  explosive  nature,  but 
phenylhydrazine.  on  the  other  hand,  is  less  reac¬ 
tive  and  hence  can  easily  be  handled  and  puri¬ 
fied.  One  advantage  of  the  hydrazines  over  amines 
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is  lh;a  the  bonding  configuriition  which  includes  a 
single  nitrogen-nitrogen  bond  (N-N)  is  expected 
to  have  a  lower  bond  strength  than  the  single 
carbon-nitrogen  (C'-N)  bond  in  the  amine  group 
ol  similar  structural  conliguration.  In  Table  I.  the 
bond  strength  of  ammonia  and  some  possible 
hydriizine  source  materitils  for  nitrogen  are  listed 
(b|.  Phenylhydr;i/ine  is  seen  to  be  thermally  less 
stable  ;is  ctimptired  to  other  hydrazines.  This 
should  enttble  a  much  higher  incorporatittn  of 
nitrogen  with  low  doptint  flux  and  at  low  growth 
temperatures.  Another  advantage  of  phcnylhy- 
dra/ine  is  that  its  decomposition  results  in  tv  •> 
nitrogen-containing  rtidicals.  The  first  radical. 
Ml  ..  is  similar  to  that  libertitcd  in  the  il.  compo¬ 
sition  ol  ammonia  and  the  tilkyl  amines  such  ;is 
tertiarvbutyhiminc  ((Ctl  .JsCNH  ,)  and  is  a  source 
ol  mirogen,  A  significant  ratio  of  these  nitrogen 
rarlicals  may  ineorportite  directly  as  NH  .  or  NH 
instead  of  N.  which  are  likely  to  be  electrically 
inactive. 

Nitrogen  liberaterl  from  the  second  radical 
IC',,H^)HN  could  incorporate  as  atomic  nitrogen 
;it  the  growth  surtace.  liberating  benzene.  C  arbon 
contiimination  in  the  doped  layers  is  expected  to 
be  low  bcciiuse  the  strong  bonding  configuration 
of  carbon  in  the  phenyl  group  may  prevent  cleav¬ 
age  of  carbon  from  the  ring  at  low  growth  tem¬ 
peratures.  These  advanttiges  make  PhHz  a  highly 
desirable  source  for  n-doping  of  /.nSe  by  photo- 
assisted  OMVI’T.. 

We  have  explored  the  use  of  phenylhydrazinc 
((',,M.,IIN-NH  ,)  and  obtained  a  typical  iicieptor 
concentration  .V,,)  of  1  x  K)''  cm  '.  In 

aildition.  low  temperature  growth  kinetics  using 


this  new  precursor  were  investigated,  and  a  possi¬ 
ble  model  for  dopant  incorporation  is  presented 
here. 


2.  Experimental  procedure 

The  growth  of  ZnSe  on  CiaAs  substrates  was 
carried  out  in  a  horizontal  reactor  using  dimeth- 
ylzinc  (DMZn).  dimethylsclcnide  IDVl.Sc)  and 
phenylhydrazinc  (PhHz)  as  the  reactants.  Semi- 
insulating  ( IIIIDCiaAs.  misoriented  2  towards 
(III)),  was  used  as  a  substrate,  CIn'wih  was  car¬ 
ried  out  at  a  reactor  pressure  ol  .’1)0  Torr  and  a 
susceptor  temperature  in  the  range  of  .'.''0-4110  C' 
using  photo-assisted  OMVPE  (7].  Near  bandgap 
pholoexcitation  at  .''t)  m\V  cm’  level  from  a  mer¬ 
cury  arc  lamp  was  used  to  irradiate  the  growth 
surtace  to  enhance  the  growth  rate.  .A  0„s  /um 
thick  undoped  bufter  hiyer  was  first  grown  at 
,‘’2.''‘’C'.  without  using  IJV  excittilion.  followed  by  a 
doped  2-.7  /iin  active  layer  at  .'.'sO-dOO'C  range. 
Typiciil  ptirtial  pressures  used  for  DMZn  anvl 
DMSc  ..eis  2x10  ‘  atm  uid  ^  X  10  ■*  atm. 
rexpcstively.  Partial  pressures  of  PhUz  were  in 
the  range  1 1  -  10)  x  10  '  atm. 

The  grown  layers  were  characterized  by  see- 
ondarv  ion  mass  spectroscopy  tSI.MS).  ctipaci- 
tai've  voiiage  ( ( '- 1  )  measurements  and  photolu¬ 
minescence  tPl  ).  PI.  spcelrti  were  metisured  at  It) 
K  using  a  10  mW  argon  ion  laser. 

.E  Results  and  discussions 

l  irst.  we  have  carrieil  out  grinvth  at  high  tem¬ 
peratures  (,s00-,s2.''  (')  and  found  that  incorpora¬ 
tion  of  nitrogen  is  negligible  [S],  (irowth  at  lower 
temperature,  with  l'\  excitation,  resulted  in  sig¬ 
nificant  incorporation  of  nitrogen.  Typical  spectra 
of  doped  Zn.Se  are  shown  in  Tig.  I.  The  partial 
pressure  of  PhHz  was  S  \  10  '  atm  and  the  ratio 
of  PliHz/DMSe  was  I  x  10  ‘  for  Tig.  la.  The 
PL  spectra  shown  in  Tig.  la  are  dominated  by  a 
stnmg  donor-acceptor  pair  (DAP)  emission,  at 
about  2.70  eV  accompanied  by  phinion  replicas 
•iiul  ih.  Ill  ,ii  bandedge  emission  is  dominated  bv 
pi>  bound  exciton  peak  (I,)  at  2.70]  c\  . 
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I  iji.  1.  PL  spectra  of  doped  layers;  (a)  PhHy  -  Sx  |(»  '  aim. 
temperature  ^  .^SdC;  Od  PhUy  =Sx  10  atm.  temperature 
-  .'50  C:  (c)  Phll\  =  l.f>\  10  atm.  temperature  =  .V^O 

The  free  exeiton  emission  line  (E^)  and  the 
donor-bound  eveilon  peak  (I ,)  are  also  observed, 
but  with  significantly  lower  intensities.  Also  shown 
in  l-ig.  I  are  the  PL  spectra  for  ZnSe:N  films 
grown  under  different  conditions,  f-ig.  lb  shows 
the  PL  spectrum  Idr  a  sample  grown  with  identi¬ 
cal  partial  pressure  as  I'ig.  la.  but  at  a  lower 
growth  temperature  of  .'t.stbC'.  L'ig.  )c  is  a  F’L 
spectrum  from  a  sample  grown  at  .'^.SILC.  but  with 
a  higher  partial  pressure  of  PhHz  (l.bx  It)  ' 
atm).  I’igs.  lb  and  Ic  are  dominated  by  a  broad¬ 
band  DAP  emission  shifted  to  longer  wave¬ 
lengths.  indicating  significant  acceptor  compensa¬ 
tion  compared  to  sample  of  Fig.  la.  No  emissions 
were  observed  in  the  excitonic  region  for  these 
heavily  doped  layers. 

The  nitrogen  concentration  (N)  in  the  Zn.SetN 
layer  shown  in  J  ig.  la  was  determined  to  be 
2.'’  X  It)'''  cm  '.  The  SIMS  profile  for  this  film  is 
shown  in  Fig.  2.  The  net  acceptor  concentration 
( .\\  .V,,)  in  ZnSe  ;  N  layers  was  estimated  using 

conventional  C-L  profiling  at  I  MFIz.  Two  eo- 
planar  Schottky  diodes  were  used  tor  C-l'  mea¬ 
surements  [S|.  The  actual  ciipacitancc  measured 
needs  to  be  corrected  for  large  series  resistance 
effects  |‘)|  when  using  high  frequencies.  Our 


structure  has  a  series  resistance  of  ^  16  k/i  and 
the  neeessary  corrections  were  made  to  the  mea¬ 
sured  capacitance  to  obtain  the  junction  capaci¬ 
tance.  F'ig.  shv)ws  !/('■  versus  L  plot  of  a  layer 
which  had  a  nitrogen  concentration  of  2.5>  x  10''' 
cm  '  measured  by  SIMS.  The  carrier  eoncentra- 
tion  measured  by  C-l'  is  approximately  I  x  lit'' 
cm  '.  C-F'  measurements  on  layers  with  broad¬ 
band  donor-acceptor  ID- A)  emissions  showed 
them  to  be  fully  depleted,  and  therefore  highly 
compensated. 

Fig.  4  shows  the  growth  rate  at  ,\sl)T'  of 
ZnSe ;  N  epilayers  as  a  function  of  the  dopant 
flow.  A  decrease  in  the  growth  rate  is  observed 
with  an  increase  in  PhFIz  How.  Fig.  .s  shows  the 
variation  in  growth  rate  with  temperature  for 
undoped  ZnSe  (A)  and  doped  ZnSe  (B)  for  a 
dopant  partial  pressure  of  .1.0  x  10  ''  atm.  .A  re- 
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PhenylHydrazine  Flow  xlO  ^  (Mole  Fraction) 

Fig.  4.  (irinvth  rate  .^.'D'C  (/im/h)  as  a  function  of  Phllz  flow 
rate. 

duction  in  growth  rate  is  observed  for  ZnSe:N 
layers.  However,  this  reduction  is  seen  to  reduce 
with  increased  growth  temperature.  This  clearly 
indicates  that  the  decomposition  products  of 
phenylhydrazine  being  heavy  molecules  take 
longer  to  desorb  from  the  growth  surface  at  low 
temperatures  (.^.s()°C).  thereby  blocking  sites  for 
incorporation  of  Zn  and  Se  on  the  growth  sur¬ 
face.  At  higher  temperatures  (.'f80°C).  the  desorp¬ 
tion  of  benzene  is  enhanced,  thereby  increasing 
nucleation  sites  for  Zn  and  Sc  atoms  on  the 
surface.  The  flow  of  PhHz  is  low  (PhHz/DMSe 
=  1  X  10  ■‘),  so  depletion  of  source  molecules  by 
parasitic  gas  phase  reaction  or  adduct  formati(»n 
can  be  discounted.  Based  on  these  observations. 


1  50  1.S5  1  60  1  65 


Temperature  1 000/T  (K- 1 ) 

Fig.  Temperature  dependence  of  growth  rale  for  doped 
ZnSe  (A)  with  a  PhMz  partial  pressure  (W  .TOx  10  "  atm  and 
for  undoped  ZnSe  (B). 

we  present  a  growth  model  for  the  incorporation 
of  N  into  the  ZnSe  epilayers,  as  shown  in  Pig.  6. 
The  phenylhydrazine  molecule  on  arrival  at  the 
growth  surface  decomposes  into  two  radicals 
(C^H^IHN  and  NH,.  NH,  (.v<2)  can  incorpo¬ 
rate  as  electrically  inactive  nitrogen.  The  second 
radical  (C„H,HN)  may  decompose  into  atomic 
nitrogen  on  the  surface  and  benzene.  If  the  growth 
rate  is  fast,  this  atomic  nitrogen  can  incorporate 
before  recombining  with  other  nitrogen  or  hydro¬ 
gen.  However,  the  possibility  of  hydrogen  fn>m 
other  sources  to  complete  the  benzene  ring  can¬ 
not  be  ruled  out.  thereby  leaving  NH  on  the 
growth  surface  as  opposed  to  atomic  nitrogen. 
The  use  of  He  as  a  carrier  gas  instead  of  H . 


(CeHslHN  NH2 


CeHe  Desorption 


H  H  H  H 
H  N-N-H 


(C6H5)HN  NHx 


H  H 


H  H  ^ 

H  J  H 
H  H  H 

N-H 


C6H5HN  N  is  chemisorbed 
is  physisorbed 

F  ig.  0.  A  p<»ssiblc  growth  rntnlcl  for  the  incorporation  of  nitrogen  using  Phllz  as  the  dop^’t^t  source. 
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could  reduce  such  an  effect.  Based  on  the  electri¬ 
cal  activity  of  our  doped  layers,  we  believe  both 
atomic  nitrogen  and  NH ,  radicals  get  incorpo¬ 
rated.  A  higher  growth  rate  and  a  lower  pressure 
with  He  carrier  gas  may  enhance  the  ineorpora- 
tion  of  atomic  nitrogen,  based  on  the  above 
model.  Preliminary  studies  with  layers  grown  at 
(Fig.  5)  which  exhibited  a  higher  growth 
rate  revealed  more  electrically  active  nitrogen  as 
expected. 


4.  Conclusion 

Photo-assisted  OMVPE  growth  of  nitrogen- 
doped  ZnSe  was  investigated  using  phenylhydra- 
zine.  SIMS  measurement  show  that  nitrogen  in¬ 
corporation  of  2.5  X  10''*  cm''  is  possible  with 
very  low  dopant  partial  pressures,  typically  in  the 
1(1  '*  atm  range.  The  incorporation  efficiency  of 
nitrogen  from  PhHz  is  .^-4  orders  of  magnitude 
higher  than  from  ammonia  or  alkylamines.  PL 
measurements  on  ZnSe :  N  layers  confirmed  the 
incorporation  of  nitrogen  as  a  shallow  acceptor. 
C-l'  measurements  of  the  ZnSe;N  layers  indi¬ 
cated  p-type  conductivity  with  net  acceptor  (N.^ 
-  .V„)  concentration  typically  in  the  (l-2)x  lO'' 
cm  '  range.  The  grtiwth  kinetics  of  the  doped 
layers  was  also  inscstigated  and  a  possible  incor- 
poratittn  model  was  presented  based  on  these 
experimental  observations.  These  initial  results 
show  that  phenylhydrazine  is  a  promising  dopant 


source,  and  the  use  of  optimized  growth  tech¬ 
nique  and  RTA  anneals  may  further  increase  the 
active  concentration. 


S.  Acknowledgements 

We  would  like  to  thank  J.  Barthel  for  technical 
assistance  and  P.  Magilligan  for  manuscript 
preparation.  We  are  grateful  to  Andreas  Melas 
for  providing  the  new  nitrogen  source  and  Steve 
Novak  of  Evans  East  for  SIMS  measurements. 
Partial  support  was  provided  by  N.A.  Philips  Lab¬ 
oratories  in  the  form  of  a  student  fellowship  to 
S.A.  and  is  gratefully  appreciated. 


6.  References 

ID  R.M.  Park.  M.B.  Troller.  C.M.  Rouleau.  J,M.  DePuvdl 
anti  M.A.  Haase.  Appl.  Phys.  Lett.  l|W(l)  2127. 

12]  M..A.  Haase.  .1.  Oiu.  J.M.  DePuytIt  anti  ii  Cheng.  Appl 
Phys.  Leu.  .sVd'WI)  1272. 
l.'l  W'.  Slulius.  ,\ppl,  Phys.  Lett.  4(UU)S2>  24P, 

(4|  A.  Yoshikatta.  S.  Muto.  S.  Vamaga  anti  H.  Kosai.  .lap.  .1. 
Appl.  Phys.  27  ( IWS)  g')2. 

l.s|  N.R.  Taskar.  B..A.  Khan.  D.R.  Horinan  anti  K.  Shah/atl. 

Appl.  Phys.  I.ell.  h2  (IW.4)  27ll. 

1<>|  CRC  HantIhook  of  Physics  anti  Cheniisiry  lllth  eti..  I;tl 
R C.  Weast  (CRC  Press.  I'WII). 

|7)  Sz.  Fuiita  anti  Sg.  Fujita.  J.  Crystal  Growth  1 17  (14U2)  fi". 
|Xl  S,  Akram  anti  l.B.  Bhal.  J.  Flectritn.  Mater.,  in  press. 

(h]  B  Hu.  (j  Karezewski.  H  l.uo.  N.  Samarth  anti  J.  Fur- 
tlyna.  .Appl.  I’hys.  I.ett.  (i4  ( I'W.t)  .4.S,s 


.  CRYSTAL 
GROWTH 


hLSh\  ll-.R  journal  ot  (  nslal  (irowth  I.^S  ( 1 W4)  1 10  - 1  \} 


Auto-doping  of  Ga  in  ZnSe /GaAs  layers  grown  at  low 
temperatures  by  post-heated  molecular  beam  epitaxy 

Minoru  Yoneta,  Hiroshi  Saito  *.  Masakazu  Ohishi 

nepiirlmenl  of  Applied  Phvsus.  Okuyumii  L'nitersily  ofScieiue.  Riduocho  /•/,  Okinunui  I’iltl,  .hipun 


Abstract 

The  donor  species  in  Li  acceptor-doped  ZnSe  cpilayers  grown  on  (laAs  substrate  are  determined  by  means  of  the 
secondary  ion  mass  spectroscopy  (SIMS).  The  compositional  depth  profile  by  the  SIMS  points  out  that  a  large 
amount  of  (ia  atoms  are  incorporated  into  the  Zn.Se  epilayer  regardless  of  doping.  In  doped  cpilayers.  the  Cia  atoms 
are  concentrated  at  the  region  where  the  Li  atoms  are  doped.  We  conclude  that  Ga  atoms  originating  from  the 
droplets  due  to  the  thermal  cleaning  of  the  substrate  are  most  likely  the  major  donor  species. 


I.  Introduction 

A  new  technique  for  doping  nitrogen  in  molec¬ 
ular  beam  epitaxy  has  enabled  us  to  grow  low 
resistive  p-type  ZnSe  cpilayers  [1).  What  hinders 
us  to  grow  low  resistive  p-type  ZnSe  using  other 
acceptor  species  such  as  Li,  P.  etc.?  Does  the 
problem  exist  only  in  the  doping  techniques?  Lttr 
cpilayers  doped  with  these  acceptor  speeie.s.  low 
temperature  photolumineseence  (PL)  spectra 
show  without  exception  emission  lines  due  to  the 
recombination  of  donor-acceptor  pairs,  the  so- 
called  0-DAP  band,  even  if  nr)  donor  species  are 
intentionally  doped  [2].  This  is  usually  ascribed  to 
the  occurrence  of  shallow  drinors  in  conjunction 
with  the  doping  process.  Nevertheless,  no  new 
bound  e.xciton  line  associated  with  the  induced 
donor  could  be  observed.  Lurthermorc,  it  is  be- 
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yond  our  understanding  that  the  reduction  of 
resistivity  for  highly  N-doped  Zn.Se  is  closely  re¬ 
lated  to  the  appearance  of  another  DAP  hand  in 
the  low  energy  side  of  the  0-DAP  band,  indicat¬ 
ing  that  other  deeper  donors  are  induced  [3]. 

The  present  studies  arc  intended  to  make  sure 
which  kinds  of  species  are  responsible  to  the 
donors,  i.e.  induced  donors  or  external  donors. 
Li-doped  ZnSe  cpilayers  were  grown  by  using  the 
post-heated  molecular  beams.  Low  temperature 
PI.  and  secondary  ion  mass  spectroscopy  (SIMS) 
have  clarified  that  Ga  atoms  originating  from  Ga 
droplets  on  the  substrate  are  major  donors. 


2.  Experimental  pmcedures 

Semi-insulating  Cr-  and  O-doped  GaAs  with 
surface  orientation  of  (001)  are  used  as  sub¬ 
strates.  After  chemical  etching  using  the  conven¬ 
tional  H.SOj  and  H.G.  solution,  two  types  of 
surface  cleaning  were  employed  in  the  high  vac- 
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uuni  growth  chamber  prior  to  the  molecular  beam 
epitaxial  (MBE)  growth:  (1)  The  substrate  is  only 
thermally  cleaned  at  the  typical  temperature  of 
580°C.  showing  the  (4x1)  reflection  high-energy 
electron  diffraction  (RHEED)  reconstruction 
pattern.  It  is  well  known  that  Ga  droplets  are 
formed  by  the  thermal  cleaning  at  high  tempera¬ 
tures  [4],  Process  (2)  is  aimed  at  obtaining  Ga 
droplet-free  substrate  surface.  That  i.s,  just  after 
the  RHEED  streaky  pattern  appears,  which  indi¬ 
cates  the  achievement  of  the  thermal  cleaning, 
the  substrate  is  exposed  to  an  As  beam  cracked  at 
6()()°C  with  a  beam  pre.ssure  of  FCAs)  ^  3  X  10 
Torr  until  the  substrate  is  cooled  down  to  4(H)- 
25()°C.  RHEED  showed  the  (2x1)  reconstruc¬ 
tion  pattern,  which  however  was  different  from 
the  c(2  X  2)  pattern  usually  observed  for  the  As- 
stabilized  surface.  In  this  paper  we  refer  mainly 
to  the  results  obtained  using  prcKess  (2). 

ZnSc/GaAs  cpilayers  were  grown  by  using  hot 
Zn  and  Se  molecular  beams  (PH-MBE)  at  growth 
temperatures  of  =  2.‘i(l°C  [5].  Both  the  Zn  and 
the  Se  beams  were  post-heated  at  6()()°C  with  flux 
pressures  of  PiZn)  ^  3  x  10  ’  Torr  and  /’(Sc) 
-  I  X  10  "  Torr,  respectively,  measured  by 
means  of  an  ion  gauge,  corresponding  to  Vl/11  ~ 

I  in  terms  of  the  number  of  atoms  (6l.  As  the 
p-type  doping  material  we  used  Li.  The  doping 
levels  were  varied  by  changing  the  Li  effuser 
temperature.  7'(Li).  In  order  to  study  the  extent 
of  the  diffusion  of  doped-Li  atoms,  we  have  grown 
cpilayers  with  a  structure  consisting  of  three  lay¬ 
ers.  i.c..  Li-doped  ZnSe  is  sandwiched  by  non- 
doped  ZnSe  layers.  Each  layer  was  grown  for  I  h 
and  has  nearly  the  same  thickness  of  about  0.4 
#xm. 

firown  layers  were  characterized  by  U)w  tem¬ 
perature  photoluminescence  (PL),  and  double 
crystal  X-ray  diffraction  measurements.  The  com¬ 
positional  depth  profile  was  measured  by  SIM.S 
using  Ar '  ions  with  the  energy  of  11-17  keV  as 
the  primary  ion  beam. 


3.  Experimental  re.sults  and  di.scussion 

Pig.  1  shows  PL  spectra  measured  at  4  K  for 
Li-doped  cpilayers  grown  on  substrates  prepared 
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Fig.  1.  Phiitolumincsccnce  spectra  mcasurcil  at  4  K  U>r  eptlay- 
ers  grown  at  under  different  Li  doping  lc\els  on  sub¬ 

strates  prepared  by  process  I.). 


by  process  (2).  where  the  As-ireatment  was  per¬ 
formed  at  5S()‘C  for  10  min.  At  the  lowest  doping 
level  the  spectra  consist  of  two  sharp  lines  de- 
nt)ted  as  I,  and  I,  and  equally  spaced  3  to  4 
broader  lines  denoted  as  DAP.  With  increasing 
doping  level,  both  I,  and  the  DAP  become 
stronger,  whereas  the  I  .  line  intensity  remains 
nearly  constant.  At  higher  doping  levels  the  in¬ 
tensity  of  these  luminescence  lines  decreases,  and 
instead  another  equally  spaced  line  dcnrrtcd  as 
FA  appears  at  the  high-energy  side  of  the  DAP. 
In  addition  to  these  results,  measurements  of 
temperature  dependence  and  excitation  intensity 
dependence  of  PI.  spectra  have  clarified  that  the 
I,  line  is  ascribed  to  the  bound  exciton  recombi¬ 
nation  associated  with  the  Li  acceptor,  the  DAP 
band  to  the  recombination  between  unknown 
donor  and  Li  acceptor,  corresponding  to  the  so- 
called  0-DAP  band,  and  FA  is  the  free  carrier- 
to-Li  acceptor  recombination.  The  energetic  posi¬ 
tion  of  these  lines  and  bands  yields  the  binding 
energy  of  the  Li  acceptor  of  about  1 10  meV  and 
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that  ill  the  unknciwn  (Jimor  of  about  2<S  nicV. 
assuming  the  Coulomb  energy  tissoeiated  with  the 
donor-aeeeptor  reeombimition  to  be  14  meV  [7]. 
I  his  value  of  the  binding  energy  for  the  unknown 
donor  is  very  elose  to  that  lor  ;i  typical  donor  in 
ZnSe  sueh  as  Cl  and  (la  [S],  It  is  pointed  out  that 
epilavers  grown  on  the  substnite  preptired  by 
process  (1)  show  almost  the  same  PI,  spectra  as 
those  shown  in  big.  I. 

bull  widths  at  half  maximum  (b'WbIMs)  of  the 
rocking  curves  measured  by  the  double-erystal 
.\-ray  diffrtietion  method  are  about  W  -  2sl)  arc 
see  for  epilavers  grown  below  /(I,i)  2lKf (' and 
are  mirrower  than  th;it  for  non-doped  samples, 
bor  /(Li)  >  2()1LC  the  vtilue  of  bWUM  increases 
and  ;it  ! =  27.5  ('  it  amounts  to  about  «  ^  700  arc 
see.  bhe  results  suggest  the  degradation  of  crystal 
quality  for  highly  dopeil  epihiyers,  in  accordance 
with  the  decrease  in  PI,  intensity. 

In  order  to  determine  which  kinds  of  donor 
species  are  responsible  for  the  DAP  band,  we 
analy/ed  epilayers  by  means  of  the  SIMS.  big.  2 
shows  a  typical  result  of  the  compositkmal  depth 
profile  itmilysis  in  :i  non-doped  sample  grown  at 
I],  =  2,50 f  on  a  substrate  prcptired  by  proce.ss 
(2).  where  the  As-treatment  was  continued  down 
to  .400'C.  No  correction  of  the  sensitivity  of  the 
;ipp;ir;itus  for  etich  ion  was  made.  The  steep 


decrease  of  the  (>a  concentration  near  I  /am 
depth  from  the  surface  corresponds  to  the  inter¬ 
face  between  the  CiaAs  substrate  and  the  ZnSe 
epilaycr.  The  shoulder  following  the  steep  de¬ 
crease  points  out  the  existence  of  Cia  atoms  in¬ 
side  the  ZnSe  layer,  bhe  fia  concentration  de¬ 
creases  with  increasing  distance  from  the  inter¬ 
face,  and  then  incretises  suddenly  on  the  surface. 
The  secondary  ion  civunt  of  Cia  in  the  CiaAs 
substrate  is  of  nearly  the  saturation  level  of  the 
apparatus,  and  therefore  does  not  show  the  ac¬ 
tual  Cia  concentration.  We  did  not  observe  either 
the  As  distribution  inside  ZnSe  iir  the  Zn  and  Se 
distributions  inside  CiaAs.  indicating  that  the  Cia 
distribution  inside  ZnSe  is  not  caused  by  the 
mutual  diffusion  across  the  heterointerface,  bhe 
Ga  titoms  are  considered  to  be  incorporated  from 
the  droplets  on  the  growing  surLiee  into  the  epi- 
layer. 

Actually  the  Citi  concentration  in  epilayers 
grown  on  the  substrates  prepared  by  process  (2). 
e.g..  big.  2.  is  found  to  be  lower  than  in  those 
grown  on  the  substrate  prepared  by  process  ( I ). 
bhe  results  shown  in  bigs.  1  and  2  indicate  that 
there  exist  still  a  large  amount  of  Ga  atoms  even 
on  the  As-tre;ited  substrtite  surface. 

big.  depicts  an  example  ('f  the  SIMS  analysis 
for  a  l.i-doped  epilaycr  grown  on  the  substrate 
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prepared  hy  pr^eess  (2).  where  the  As-treatment 
was  ecintinued  down  to  3()(fC'.  In  I'ii;.  3  are  shown 
the  depth  profiles  only  of  (ia  and  l.i  to  see  elearly 
the  relation  between  them.  Remarkable  differ- 
enee  eompared  with  the  non-doped  sample  shown 
in  I'ig.  2  is  that  the  Ga  distribution  has  a  peak 
just  at  the  position  where  Li  shows  a  peak,  al¬ 
though  the  peak  is  loeated  not  at  the  eenter  of 
the  l.i-doped  layer,  but  at  the  boundary  of  Li- 
doped  and  non-doped  ZnSe.  Similar  depth  pr»>- 
files  of  l.i  and  Cia  are  observed  for  epilayers 
grown  under  different  As-treatment  conditions. 
We  cannot  mention  at  present  why  the  (ia  atoms 
are  concentrated  in  the  Li-doped  region  and  also 
whether  a  similar  depth  profile  occurs  even  if 
other  acceptor  dopants,  such  as  N.  are  used. 

The  SIMS  analyses  show  no  other  Ill-group 
elements  such  a^  Al  and  In.  Although  the  SIMS 
apparatus  has  almost  no  sensitivity  for  Vll-group 
elements  such  as  Cl  and  Br.  which  are  also  the 
donor  species,  we  believe  that  no  halogens  arc- 
supplied  from  the  source  materials  such  as  Li  and 
Sc.  If  any  halogens  are  supplied  from  the  Li 
dopant,  the  I.  intensity  should  increase  with  in¬ 
creasing  doping  level.  If  any  halogens  are  sup¬ 
plied  from  the  Sc  si)urcc.  the  I  -  intensity  should 
decrease  with  increasing  doping  level,  because 
some  portion  of  halogen  atoms  should  take  part 
in  the  DAP  recombination.  Lxperimcntally  the  1. 
line  intensity  remains  nearly  constant,  independ¬ 
ent  of  the  l.i-doping  level.  I'he  SIMS  results  lead 
us  to  the  conclusion  that  the  (ia  atoms  are  most 
likely  the  donor  species  contributing  to  the  DAP 
band.  The  conclusion  is  in  accordance  with  the 
obseived  binding  energy  for  the  unkn*)wn  dr>tu)r 
of  abt)ut  28  meV.  We  need  not  to  take  any 
induced  donors  in  conjunction  with  the  Li-doping 
such  as  the  interstitial  Li  atoms  into  cimsidcra- 
tion. 

The  SIMS  result  that  the  ma.ximum  of  the  Li 
distribution  exists  at  the  boundary  of  Li-doped 
and  non-doped  ZnSe  epilayers  cannot  be  as¬ 
cribed  to  the  thermal  diffusion  of  Li  atoms.  The 


probability  of  incorporation  of  Li  atoms  into  ZnSe 
epilayers  is  considered  to  be  in  proportion  to  the 
Li  density  on  the  growing  surface.  We  assume 
that  the  Li  atoms  are  accumulated  on  the  growing 
surface  because  the  vapor  pressure  of  Li  is  low 
enough  eompared  with  Zn  and  Se.  This  makes 
the  maximum  of  the  Li  concentration  to  shift 
toward  the  direction  of  the  epilaycr  surface. 

Summariy^ing  the  results.  Li-doped  ZnSe  layers 
grown  by  PH-MBh  show  the  I,  neutral  acceptor 
bound  exciton  line  and  the  so-called  O-DAP  band 
in  low  temperature  photoluminescence  spectra. 
SIMS  analyses  have  clarified  that  a  large  amount 
of  Ga  atoms  are  incorporated  into  ZnSe  epilaycr 
whether  Li  is  doped  or  not.  l  urthermore.  the  Ga 
atoms  are  concentrated  in  the  region  where  the 
Li  atoms  are  doped.  I'liese  results  lead  us  to  the 
conclusion  that  the  (ia  atoms  which  may  origi 
nate  from  the  droplets  owing  to  the  thermal 
cletining  of  the  substrate  are  most  likely  the  donor 
species  contributing  to  the  DAP  band.  Ihe 
preparation  of  G;i-droplet-free  substr;ite  surfaces 
is  an  urgent  problem  to  settle  if  thus  incorporated 
Ga  atoms  are  major  donors  in  ZnSe. 


4.  References 


|l|  K  Ohk.iw.i,  I  K.a.is.iw.i  .mil  I  MiiMwii.t  (  n-t.ii  ( Irowlh 
It)  (|w>)|l  ->r 

D|  /.  /hu.  It  Mon.  Xl  K.iw.ishini.i  .nul  I  V  .le.  .1  (  rs'.l.il 
(.rovMh  I  i'  I  iw:)  run. 

l.'l  I  S.  ll.nik''Min.  .1-  SirapNOn.  S.V  W.tnp.  K. A  IS'iai  .nul 
ik(  (’.i\eiK-n.  .\ppt.  l-hw.  1  CM  Pi  i  PuCi  2’iis 
141  II, .X.  .Itnec.  in;  Xlolcenl.ir  Be.tm  I  piUiw  .nul  llcuputriu 
Uirev.  luK.  I  .1  (  h.inp  .nut  K  IMimu  iNiihntt.  tUinlici. In. 

IWSs)  ih.  :.  p. 

fs)  M.  Xonel.i.  I,  I  tania''.iki.  M,  Dhuhi  .nul  It,  S.nin.  .1  X  .u 
Sei  i  Luhnnl.  Hill  IW.O  s's 

|<»j  VI.  Xoncln.  M.  Ohn.hi.  It.  Sailo  .nul  I.  I  l.nn.iN.iki.  .l.i[v  .1. 
Xppl  I’lws  .r:  I  I'W  tl  t  I IPP 

17]  l*,.l.  Dean.  Vy .  StuI^n^.  ti  t-  Neunutik.  It. I  t-n/p.niK'k  .nul 
K.N.  Uh.irpava.  IMnv  Rc\  B  (I'ksB  :4I'» 

|S|  I’.J  Dean.  D.t  llerherl.  C  J.  XVerkluuen.  H  I  t  il/p.iiruk 
aiul  R  N.  Bharpa\a.  Ph\s  Re\  H  'S  (I'tSD  IS.SS 


3/55? 


KLSKVIHR 


.  CRVSTAI- 
CROWTH 


.K)urn;ii  <)l  (  rv^tal  Cirowth  13K(1W4)  1!4-  120 


Low  pressure  growth  and  nitrogen  doping  in  metalorganic  vapor 

phase  epitaxy  of  ZnSe 
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Abstract 

l.im  pressure  (O.I-l.O  Torr)  metalorganic  vapor  phase  epitaxy  (MOVPF.)  of  ZnSe.  using  lerliarybulylselenol 
(l-BuScH)  as  a  selenium  source  precursor,  was  studied.  Although  several  growth  properties  at  such  a  lt)w  pressure 
were  different  from  those  at  a  higher  reactor  pressure,  the  quality  of  the  layers  grown  at  1.0  Torr  was  as  good  as  that 
of  the  layers  grown  at  .^00  Torr.  Nitrogen  doping  into  ZnSe  was  carried  out  at  1.0  Torr  using  nitrogen  plasma  excited 
by  2.4.S  GHz  microwave.  Nitrogen  concentrations  (N)  of  the  doped  layers  ranged  from  2  x  lO'  ti>  S  x  lO"  cm  '. 
measured  by  secondary  ion  mass  spectrometry  (SIMS),  and  photoluminescence  spectra  measured  at  4.2  K  of  such 
layers  were  dominated  by  donor-acceptor  pair  emissions.  However,  all  the  as-doped  layers  were  highly  resistive 
n-l\pe.  It  was  found  ihiit  hydrogen  was  incorporated  into  the  doped  layers,  and  its  concentration  was  about  1.7  times 
more  than  (N)  as  established  by  SIMS  measurement.  Therefore  it  is  probable  that  hydrogen  passivates  nitrogen 
acceptors  in  the  doped  layers.  Several  doped  layers  were  annealed  at  ,S.s()-7()(rC  in  atmospheric  N  .  after  deposition 
ol  SiO  -  cap  layeis.  The  carrier  types  of  part  of  the  annealed  samples  were  inverted  to  p-type.  ;ind  their  net  acceptor 
coitccntratioiis  were  (.>-7)  x  Id''  cm  ’. 


I.  Introduction 

Nitrogen  doping  using  plasma  cell  has  been 
established  as  a  dt/ping  teehnique  for  p-type  ZnSe 
in  mttleeular  beam  epitaxy  (MBE)  [1-3].  How¬ 
ever.  this  teehnique  was  not  studied  much  in 
metalorganic  vapor  phase  epitaxy  (MOVPH) 
growth  of  ZnSe.  There  are  two  major  require¬ 
ments  for  applying  nitrogen  plasma  doping  to 
MOVPt:.  One  requirement  is  to  lower  the  reac¬ 
tor  pressure  (/' ).  since  the  nitrttgen  radicals  ex¬ 
cited  in  plasma  would  be  inactivated  by  colliding 
with  the  ciirrier  gas  molecules  before  reaching 
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the  epilayer  surface.  The  other  requirement  is  to 
lower  the  growth  temperature  (/^)  in  order  to 
enhance  the  sticking  probability  of  nitrogen  radi¬ 
cals  onto  the  layer  surface.  As  for  lowering  T^. 
the  authors  have  reported  on  MOVPt  ol  ZnSe 
and  ZnSSe  at  temperatures  as  low  as  28()°C'. 
without  premature  reaction,  using  tertiarybutylse- 
Icnol  (t-BuScH)  as  a  selenium  source  precursor 
[4,5]. 

In  this  paper,  we  e.xamined  low  pressure  growth 
of  non-doped  ZnSe  at  0. 1-1.0  Torr.  The  quality 
of  the  epilayers  grown  at  low  pressure  was  as 
good  as  that  of  epilayers  grown  at  atmospheric 
pressure.  We  also  examined  nitrogen  plasma  dop¬ 
ing  at  1.0  Torr.  The  nitrogen  concentrations  of 
the  doped  layers  were  as  high  as  I0''-10"‘  cm 
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However,  all  the  as-doped  samples  were  highly 
resistive  n-type.  Annealing  these  doped  samples, 
their  earrier  types  were  inverted  to  p-type  with 
net  aeeeptor  eoneentrations  of  (.1-7)  x  10'^  cm 

2.  Experiments 

Fig.  1  shows  a  sehematic  illustration  of  the 
MOVPF  reactor.  It  consists  of  a  horizontal  reac¬ 
tor  and  a  plasma  cell,  which  are  separated  by  a 
stainless  orifice  of  ()..1  mm  diameter  located  80 
mm  ap;irt  from  an  RF  heated  carbon  susceptor. 
.-\  stainless  shutter  is  also  equipped  in  the  vicinity 
of  the  orifice,  .so  as  to  achieve  a  sharp  interface  of 
nitrogen-doped  and  non-doped  (or  n-doped)  lay¬ 
ers.  'I'he  matrix  source  precursors  are  mixed  in 
the  tubings  just  before  being  introduced  into  the 
reactor,  and  blow  against  the  substrate  through  a 
quartz  nozzle.  Fhe  reactor  pressure.  P,.  is  con¬ 
trolled  in  the  range  0. 1-1(1  Torr  by  a  variable 
eonduetance  v;ilve.  Dopant  gas.  pure  nitrogen 
(N,.  >  r ).  is  introduced  into  the  plasma 

cell  through  a  microdust  filter  and  a  mass  flow 
controller.  The  plasma  cell  pressure  (  P^)  is  deter¬ 
mined  by  the  N.  flow  rate  ([N-])  and  P,.  The 


microwave  is  fed  from  a  2.4.s  GHz  magnetron 
oscillator,  of  which  the  output  power  (/',„)  is 
variable  in  the  range  (1-1  kW.  to  the  plasma  cell. 

Semi-insulating  ( 10(1)  GaAs  was  used  as  a  sub¬ 
strate.  Matrix  source  precurst)rs.  diethylzinc 
(DEZn)  and  i-BuScH.  were  transported  by  hy¬ 
drogen  (H;)  carrier  gas  employing  conventional 
bubbling  method.  The  molar  flow  rate  of  DHZn 
([DEZn])  was  constant  at  5  /rmol/min.  while 
[t-BuSeH]  (or  [Vl]/[11]  ratio)  was  varied  in  the 
range  .s-lOO  /rmol/min  ([V1]/[II]  =  1-20).  /j,  and 
P^  were  varied  in  the  range  3()()-35()°C  and  0.1- 
1.0  Torr.  respectively.  [H,]  and  [N,]  were  also 
varied  in  the  range  .30-1000  SCCM  and  2-20 
SCCM,  respectively. 

The  grown  layers  were  characterized  by  photo¬ 
luminescence  (PL)  measured  at  room  tempera¬ 
ture  (RT)  or  4.2  K  using  the  .32.3  nm  line  of  a 
He-Cd  laser  as  the  excitation  light.  Double¬ 
crystal  X-ray  rocking  curves  were  measured  using 
Cu  K«,  radiation  and  (400)  reflection.  Secondary 
ion  mass  spectrometry  (SIMS)  measurement  and 
capacitance-voltage  (G-F)  measurement  were 
also  done  for  several  doped  samples.  C-1'  mea¬ 
surements  were  performed  at  10  kHz  with  the 
double-Schottky  barrier  configurtition.  After 
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evaporating  gold  on  the  epilayer  surface  as  a 
Schottky  electrode,  the  rings  of  5  in  width 
and  500  ;am  in  diameter  were  removed  by  pho¬ 
tolithography  technique.  The  area  ratio  (or  capac¬ 
itance  ratio)  of  smaller  to  larger  electrode  was 
typically  0.01. 


3.  Results  and  discussion 

3.1.  Non-iloped  layers 

Fig.  2  shows  the  growth  rate  dependence  on 
the  ratio  of  total  flow  rate  (TFR)  introduced  into 
the  reactor  to  which  indicates  the  gas  flow 
velocity.  The  growth  rate  decreased  almost  expo¬ 
nentially  with  increasing  the  velocity,  except  when 
the  TFR/Pj  ratio  was  more  than  several  thou¬ 
sands.  It  suggests  that  the  source  precursors  dif¬ 
fuse  through  the  bound,!. ',t>er  in  the  vicinity  of 
the  substrate  surface  when  the  FFR/f’  ratio  is 
less  than  10(10.  As  ev.uence,  the  in-plane  devia¬ 
tion  of  thicknes.  was  relatively  .small  l±l-.^^r). 
even  though  the  gaseous  sources  blew  against  the 
substrate  through  the  nozzle. 
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Fig.  3  shows  the  growth  rate  at  7^,  =  30(I°C  and 
P,  =  1.0  Torr  as  a  function  of  [VI]/[il]  ratio.  As 
seen  from  the  figure,  the  growth  rate  at  1.0  Torr 
did  not  saturate  in  the  range  IV1]/[1I]  <  8.  while 
that  at  300  Torr  saturated  in  the  range  [Vl]/[il] 
>  1  [5],  It  is  presumable  that  the  reduction  of  the 
partial  pressure  of  t-BuSeFI  resulted  in  a  higher 
desorption  ratio  of  Se  from  the  epilayer  surface. 
This  also  implies  that  the  [Vl]/(11]  ratio  in  order 
to  achieve  ZnSe  of  good  quality  is  higher  at  1.0 
Torr  than  that  at  300  Torr.  Therefore  the  [VI]/[Ill 
ratio  was  set  at  10  for  the  growths  discussed 
hereafter. 

All  the  layers  exhibited  almost  deep-free  PL 
spectra  at  R’l'.  We  also  measured  PL  spectra  at 
4.2  K  for  non-doped  layers,  A  typical  spectrum  is 
shown  in  Fig.  4.  The  spectrum  is  dominated  by 
near-band-edge  (NBE)  emissions  together  with 
several  emissions  denoted  by  Y  and  S.  which  arc 
generally  attributed  to  the  extended-defect  re¬ 
lated  emissions  [6],  The  deep-center  emissions 
denoted  by  SA.  which  are  generally  attributed  to 
the  donor  zinc-vacancy  complex  emissions  [7], 
were  relatively  weak.  The  NBE  emissions  consist 
of  free-exciton  emissions  (E.^)  and  neutral- 
donor-bound  exciton  emissions  (1,).  of  which  the 
superscripts  Ih  and  hh  stand  for  light-  and  heavy- 
hole  transitions  [8],  The  peak  intensity  of  E^  is 
larger  than  that  of  1 ,,  and  it  is  prixif  of  the  high 
purity  of  these  non-doped  layers.  We  have  found 
previously  that  the  donor  impurities,  which  form 
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1 ,  emission  centers,  originated  from  t-BuScH, 
and  the  major  residua)  impurity  might  he  chlorine 
The  auto-doping  of  donor  impurity  is  an 
unfavorable  phenomenon  in  terms  of  carrier 
compensation  of  nitrogen  acceptor,  which  is  dis¬ 
cussed  in  the  next  section.  However,  all  these 
non-doped  samples  were  n-type  but  highly  resis¬ 
tive.  and  we  could  not  evaluate  the  free  electron 
concentration  by  Hall  measurement.  Therefore 
the  background  donor  concentration  is  expected 
to  be  low  enough  not  to  spoil  the  p-type  doping. 

The  full  width  at  half  maximum  of  the  X-ray 
rocking  curve  for  the  layer  of  1.1  /am  thickness 
grown  at  .'^Otrc,  1.0  Torr  and  200  SCCM  was  ."^OO 
arc  sec.  It  is  as  small  as  those  for  the  layers  grown 
at  .’lOO  Torr  [fi]. 

,f.2.  N'itr()f>eii  doped  layers 

The  nitrogen  doping  was  carried  out  with  ni¬ 
trogen  plasma  flow  and  with  the  shutter  open. 
I'he  typical  growth  rate  was  1.1  /am/h,  and  typi¬ 
cal  thickness  of  the  doped  layer  was  /am. 

f-'ig.  .s  shows  the  4.2  K  PL  spectra  of  the  doped 
layers  with  varitnis  nitrogen  concentrations.  The 
donor-to-acceptor  pair  (DAP)  emission,  which 
was  weak  in  the  non-doped  layer  spectra,  is  domi¬ 
nant  and  its  phonon  replicas  are  clearly  ob.serv'cd. 
I  he  /ero-phonon  lines  for  relatively  light-doped 
layers  stand  at  2.70  cV,  while  those  for  heavy- 
doped  layers  shift  to  the  lower  energy  side.  Such 
behavior  of  DAP  emission  is  similar  to  that  re¬ 
ported  for  MBE  grown  N-doped  layers.  The 
FWHMs  of  X-ray  rocking  curses  of  doped  layers 
were  10-20''f  larger  than  those  of  non-doped 
layers. 

Lig,  6  shows  the  nitrogen  concentration  (NJ 
measured  by  SIMS  versus  /’,  when  =  2(M)  W 
and  l\  =  1.0  Torr.  [N]  increases  from  7  x  10' '  to 
S  X  lO'”  cm  '  as  increases  frtim  6  to  1.4  Torr. 
It  saturates  at  [N]  =  8  x  10"'  cm  '  in  the  range 
l.7</',  <21  ['(trr.  and  [N]  drops  again  in  the 
range  Pp>  21  Torr.  Fig.  7  shows  the  depen¬ 
dence  of  [N]  when  P,=  1.0  Torr  and  /^p  =  6.0 
Torr.  [N]  gradually  increases  as  P^  increases,  but 
the  varying  range  is  not  so  wide  as  the  varying 
range  with  P^. 

In  spite  of  the  existence  of  nitrogen  acceptors. 
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Fij;.  4.  Fypical  phiMDliimincsccncc  spccinini  mc.iMii'ci.1  at  4.2 
K  tor  non-ilopcil  ZnSc  layer  iiroNMi  at  I.O  Ton 


all  these  as-doped  layers  were  highly  resistive 
n-type.  as  found  by  f'-l  measurement.  Fig.  8 
shows  the  hydrogen  concentration  [H]  of  these 
layers  as  a  function  of  [N],  There  can  be  seen  a 
linear  relation  between  [N]  and  [H],  and  [H]/[N] 
=  1 .7.  Since  the  hydrogen  concentrations  of  non- 
doped  layers  are  below  detection  level,  doping  of 
nitrogen  radicals  induces  hydrogen  incorporation. 
Therefore  it  is  supposed  that  the  hydrogen-re¬ 
lated  centers  passivate  the  nitrogen  acceptors. 
Kamata  et  al.  reported  similar  results  for  atmo¬ 
spheric  pressure  MOVPF  of  ZnSe  using  ammo¬ 
nia  (NH  ,)  as  a  dopant  [6],  They  also  found  hydro¬ 
gen  incorporation  in  nitrogen-doped  layers,  and 
concluded  that  the  hydrogen  was  one  of  the  most 
probable  inactivation  centers  of  the  nitrogen  ac¬ 
ceptor. 

In  order  to  clarify  the  origin  of  hydrogen  in 
nitrogen-doped  layers,  several  growths  in  N,  car¬ 
rier  gas  were  carried  out.  Both  [N]  and  [H]  in  the 
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Mg.  5.  4.2  K  pholDluniincsccncc  spectra  lor  nitrogen  doped  layers  with  various  nitrogen  concentrations.  I'hc  growth  conditions  tor 
each  layer  are  shown  in  the  figure. 


layers  grown  in  N,  were  about  I/IO  of  those  in 
the  layers  grown  in  H.  with  identical  gn)wth 
parameters,  but  the  (H]/[N)  ratio  did  not  change. 
Since  the  hydrogen  in  the  doped  layers  grown  in 
N,  cannot  be  from  the  carrier  gas,  it  must  come 
from  the  source  precursors.  F-rom  this  result,  we 
can  say  that  most  of  the  nitrogen  radicals  react 
with  carrier  H  ,.  In  addition,  they  also  react  with 
hydrogen  involved  in  the  organic  source  precur¬ 
sors,  although  their  rate  is  less  than  that  of  the 
H,  carrier  gas.  'I'hese  reactions  between  nitrogen 


radicals  and  hydrogen  probably  produce  NH  or 
NH,  radicals,  which  has  high  chemical  reacti\ity. 

We  tried  to  anneal  several  samples  after  de¬ 
positing  SiO,  cap  layers  by  plasma-assisted  chem¬ 
ical  vapor  deposition.  They  were  annealed  at 
.‘',s()-7l)()°C’  in  atmospheric  nitrogen  varying  the 
annealing  temperature  (/, )  and  duration  time 
(f|).  It  was  found  that  the  conducti\ity  type  of 
part  of  these  samples  was  inverted  to  p-type. 
However,  the  dependence  of  carrier  type  inver¬ 
sion  on  T,  or  r.  was  not  definitely  confirmed. 
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Kij;.  h.  Nitrogen  eoneentration  tlN])  as  a  liinction  til  plasma 
cell  pressure  (/',!;  (•!  (N]  in  the  layers  groien  in  II,  earrier 
gas,  (  )  [N]  in  the  layer  grown  in  N,  earrier  gas. 

The  net  aeeeptor  eoncentrations.  /V,  -  .V^,.  of  an¬ 
nealed  layers  ranged  from  3x  lO''  to  7x  10'’ 
em  The  rate  of  activation.  (tV,  -  A'a)/[N].  was 
still  less  than  Kr  after  annealing.  It  suggests  that 
most  of  the  nitrogen  acceptors  were  still  compen¬ 
sated. 

SIMS  measurements  of  dtiped  and  annealed 
samples  were  carried  out.  There  was  no  distinct 
difference  in  both  [H]  and  [N]  between  as-doped 
samples  and  annealed  samples.  Therefore  rear¬ 
rangement  of  either  hydrogen  or  nitrogen  atoms 
probably  yields  free  aeceptors.  Taskar  et  al.  also 
reported  on  the  annealing  effect  of  MOVPK- 
grown  nitrogen-doped  layers  using  NH  ,  [  10].  They 
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I  ig.  7.  Nitrogen  coiKeniralion  (IN])  as  a  lunelion  of  mi- 
crt'svuvc  power  (  /*„  ). 
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Fig.  S.  Hydrogen  eoneentration  ({Ml)  \ersus  nitri»gen  eoneen* 
tration  t[Nj)  Itu  nitrogen  doped  layerv;  (•)  pliUs  lor  the  la\ers 
grown  in  H;  earrier  ga^.  (  )  pliM  lor  the  layer  grv>wn  in  N; 

earrier  gas 


reported  that  annealing  N-doped  samples,  which 
were  also  highly  resistive  when  as-grown,  at  tem¬ 
peratures  higher  than  TOITC  in  atmospheric  nitri'- 
gen  resulted  in  the  inversion  of  carrier  type  from 
n-  to  p-type.  The  p-type  conversion  for  our  sam¬ 
ples  occurred  al  a  lower  temperature  than  that 
for  their  samples,  and  it  is  probably  due  to  the 
fact  that  our  samples  were  grown  at  lower  tem¬ 
perature  than  their  samples. 

4.  Conclusion 

Low  pressure  MOVPL  growth  of  7.nSe  using 
t-BuSeH  as  a  selenium  precursor  was  studied. 
Although  several  growth  properties  such  as 
growth  rales  were  different  from  those  for  atmo¬ 
spheric  pressure  growth,  the  quality  of  the  layers 
grown  al  low  pre.ssure  was  as  high  as  that  of  the 
layers  grown  at  atmospheric  pressure. 

Nitrogen  radical  doping  using  plasma  cell  was 
examined,  and  doped  layers  incorporated  nitro¬ 
gen  al  concentrations  as  high  as  2  x  10'  to  S  x 
10"*  cm  '.  However,  these  as-doped  samples  were 
all  highly  resistive  n-type.  F-rom  SIMS  results,  the 
most  probable  species  that  eompensates  nitrogen 
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acceptoi  is  hydrogen,  which  has  orijiinatcd  mainly 
tiom  H  ,  carrier  t;as. 

Duped  samples  were  annealed  at  550-7(1(1' C 
in  atmospheric  N.  with  SiO,  cap  layers.  I'he 
carrier  types  ol  doped  and  annealed  samples  were 
iinerted,  and  net  acceptor  concentrations  were 
A  ,  a;,  -■  (.'-7)  X  It)'"  cm  \ 
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Vbstract 

Wc  have  studied  the  temperature  dependence  of  the  photolumineseenee  of  tellurium-doped  /.nS-/.nSe  Miperlat- 
tiees.  By  comparing  the  retleetivity  and  photolumineseenee  data,  we  were  able  to  idenlily  both  free  eyeiton 
recombination  and  self-trapped  exeiton  band  energy  split  by  '«)  meV.  The  behaviour  of  the  photolumineseenee  with 
temperature  results  from  trapping  versus  detrapping  effects  which  are  ruled  by  an  aetisation  energy  of  Sll  me\'.  I  his 
behaviour  is  analysed  in  the  context  of  a  configuration  coordinate  diagram. 


I.  Introductiun 

There  is  a  currently  increasing  interest  in 
ZnS-ZnSe  superlattiees  due  tt)  their  potential 
titilization  for  realization  of  advanced  visible  light 
emitters.  Various  substrates  have  been  tested  in 
the  litterature.  including  CiaAs  [1-.''|.  Si  |6|.  ZnS 
[7],  C'aT7  (S.d|,  etc.  Presently,  it  seems  that  (iaAs 
is  estiiblished  as  the  best  candidate,  due  to  com¬ 
bined  reasons  that  are  linked  to  its  lower  cost  and 
high  crystalline  quality  when  errmpared  to  other 
polar  substrates.  The  growth  of  ZnS-ZnSe  di¬ 
rectly  onto  (iaAs  may  lead  to  contamination  by 
diffusion  from  the  substrate.  It  is  thus  essential  to 
employ  a  good  quality  II- VI  buffer  layer  between 
the  substrate  and  the  superlattice  in  order  to 
optimize  the  electronic  properties  of  the  struc¬ 
ture.  In  this  context,  we  expect  a  very  low  defect 
density  if  growth  of  the  II -VI  superlatlice  (Kcurs 
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after  a  Zn.S|,,,.'rc'ii  s-  buffer  layer,  lattice-matched 
to  (iaAs.  has  been  deposited.  However,  earlier 
spectroscopic  studies  have  widely  demonstrated 
that  alloying  Zn.X  (.\  =  S.  Se)  with  Te  leads  to 
exeiton  self-trapping,  causing  a  strong  Stokes  shift 
between  luminescence  and  rellectivity  features, 
even  at  very  low  tellurium  cvmcentration  [lll-l.v]. 
Moreover,  the  phv)toluminescence  of  samples 
where  exeiton  self-trapping  occurs  is  several  or¬ 
ders  of  magnitude  more  intense  than  in  the  ab¬ 
sence  of  this  effect.  Such  a  phenomenon  should 
be  encountered  in  ZnS-ZnSe  superlattices  if 
contaminated  by  tellurium.  It  is  therefore  inqum- 
tant  to  determine  how  large  could  be  the  conse¬ 
quences  of  tellurium  incorporation  for  the  optical 
properties  of  sueh  superlattices. 

This  work  repvtrts  on  the  inlluence  of  the 
introduction  of  tellurium  at  doping  level  (assum¬ 
ing  that  a  ZnS-Zn.Se  superlatticc  and  a  ZnSTe 
buffer  were  grown  in  the  same  growth  chamber, 
during  the  same  run)  on  the  optical  properties  of 
a  ZnS-ZnSe  superlattice.  .A  senes  of  retleetivity 
and  photolumineseenee  data  revealed  a  small 
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Stokes  shift  (10  me\')  between  the  two  experi¬ 
ments.  The  2  K  photoluminescence  spectrum  ex¬ 
hibits  a  strong  photoluminescence  band  about  90 
meV  below  the  free  exciton  band.  This  low  en¬ 
ergy  band  disappears  when  the  temperature  in¬ 
creases,  and  the  photoluminescence  is  dominated 
by  free-e.xciton  contribution  at  high  temperature. 
We  interpret  this  in  terms  of  exciton  self-trapping 
at  tellurium  centers  and  analyse  our  data  in  the 
context  of  the  configuration  ctmrdinates  ap¬ 
proach  in  order  to  obtain  the  activation  energies 
w  hieh  rule  the  effect. 


2.  Sample  growth 

The  ZnS-ZnSe  superlattice  was  grown  using 
an  ASM  OMR  12  MOVPE  equipment.  The  sam¬ 
ple  was  deposited  onto  a  (100)  epi-ready  GaAs 
wafer.  Prior  to  the  growth,  the  surface  oxide  was 
thermally  desorbed  from  the  substrate  for  10  min 
at  .^.‘'0°C  under  a  hydrogen  How.  We  have  em¬ 
ployed  the  triethyl  amine  dimethyl  zine  adduct 
(Me.ZnNEt,)  as  a  zinc  precursor  in  order  to 
minimize  the  premature  reactions  with  the  hy¬ 
drides  [14].  H;Se  and  H^S  were  used  as  selenium 
and  sulfur  precursors,  respectively.  The  carrier 
gas  uas  paladium-purified  hydrogen  and  the  H, 
flow  through  the  reactor  was  SLM  (standard 
litres  per  minute)  during  the  growth  experiment. 
The  Vl/ll  molar  tlow  ratit)  was  set  to  5  during 
br)th  ZnSe  and  ZnS  layer  growth.  The  precursor 
flows  were  set  as  follows:  Me^ZnNEt,  =  30 
/xmol/min,  H;,S=  1.30  ^mol/min  and  H-Se  = 
1.^0  /umol/min.  The  deposited  structure  consists 
of  4.^  periods  of  37  nm  ZnSe  and  33  nm  thick 
ZnS  layers  deposited  onto  a  0.3  /am  thick  ZnSe 
buffer  layer.  7’hese  thicknesses  were  deduced 
from  the  growth  rates,  and  were  confirmed  by 
X-ray  experiments.  Growth  interruptions  were 
introduced  between  each  layer  deposition  in  or¬ 
der  to  optimize  the  interface  abruptness  since 
such  a  procedure  is  of  crucial  impttrtance,  as 
previously  demonstrated  for  ZnSe-ZnTc  super- 
lattices  [1.3].  In  order  to  simulate  the  effect  of 
residual  tellurium  contamination  originating  from 
a  ZnSTe  buffer  layer,  we  have  grown  the  super- 
lattice  immediately  after  the  growth  of  a  ZnTc 


layer  had  been  performed  in  the  .same  growth 
chamber.  No  particular  reactor  cleaning  was  per¬ 
formed  between  these  two  growth  runs.  We  be¬ 
lieve  that  this  procedure  is  particulary  useful  to 
evaluate  separately  the  effect  of  cross  contamina¬ 
tion  between  a  tellurium-containing  buffer  layer 
and  the  ZnS-ZnSe  superlattice. 

3.  Experimental  data 

Fig.  1  illustrates  the  reflectivity  and  high-en¬ 
ergy  photolumineseence  features  at  2  K.  The 
transitions  related  to  the  buffer  layer  are  de¬ 
tected  at  2.8  eV  and  those  related  to  the  superlat¬ 
tice  at  2.93  and  3.05  eV.  A  small  Stokes  shift  is 
observed  between  the  free  exciton  photolumines¬ 
cence  peak  and  the  low-energy  reflectance  struc¬ 
ture  of  the  superlattice.  The  2.93  eV  structure  is 
more  pronounced  than  its  higher  energy  (3.03 
eV)  companion,  as  expected  when  these  two  tran¬ 
sitions  are  identified  as  the  hcavy-holc  excitons 
and  the  light-hole  excitons  [16],  In  fact,  an  inten¬ 
sity  ratio  of  3 ;  1  is  given  by  standard  group  theory 
for  the  band-to-band  process  in  zinc-blende  crys¬ 
tals  [17].  The  high-energy  (3.23  eV)  reflectance 
structure  corresponds  to  the  spin-orbit  split-off 
exciton  freely  propagating  in  the  ZnSe  buffer 
layer.  This  transition  is  the  analogue  of  the  2.8 
eV  .structure  corresponding  to  /^related  heaw- 
hole  and  light-hole  transitions  in  this  ZnSe  buffer 
layer. 


Fig.  I.  2  K  rcfleclivily  (upper  curve)  and  near  band-eilge 
pholuluminesccncc  (lower  curve)  tor  a  .V.t  nm-.').7  nm  ZnS- 
ZnSc  supcrlallicc. 
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F-'ig.  2,  romporiilurc  dependence  of  the  phololuniineseenee  in 
ZnS-  ZnSe  Te  superlatliee.  Note  the  exchange  of  amplitude 
between  tree  exeiton  (exel  and  xelf-lrapped  exeiton  (SI  •  bands. 
.Also  note  the  photolumineseenee  signal  of  the  ZnSe  buffer 
(needle  on  the  2  K  spectrum). 


Following  is  a  discussion  on  the  photolumincs- 
cence  dtita.  F'ig.  2  shows  the  evxilutkrn  of  the 
photolumineseenee  spectrum  as  the  sample  tem¬ 
perature  increases.  The  2  K  photolumineseenee 
spectrum  exibits  a  strong  band  (hereafter  de¬ 
noted  SI)  peaking  at  around  ^0  meV  below  the 
free  exeiton  emission.  When  increasing  the  tem¬ 
perature.  this  SI  band  collapses  from  30  K.  and 
disappears  eomr  etely  above  100  K,  while  the 
exeiton  transitions  grows.  This  behaviour  is  simi¬ 
lar  to  that  previously  reported  for  ZnSeTe  alloys, 
where  tellurium  acts  ;is  an  istielectronie  centre 
[10-13].  This  strongly  suggests  that  tellurium  in¬ 
corporation  occurred  in  the  sample  during  the 
growth.  By  analogy  to  data  reported  for  ZnSeTe 
alloys,  we  interpret  the  photolumineseenee  be¬ 
haviour  in  terms  of  thermally  activated  delrap- 
ping  of  exeitons  localized  at  Te-related  centres 
[11.121. 


4.  Data  analysis 


To  quantify  more  completely  the  mechanisms 
involved  in  the  evolution  of  the  photolumines¬ 
cence  spectra  with  temperature,  we  employed  a 
model  to  evaluate  the  electronic  population  of 
various  levels  resulting  in  these  spectra.  This 
model  is  based  on  arguments  linked  to  a  detailed 
balance  principle  similar  to  the  model  developed 
by  Leroux-Hugon  and  Mariette  [IS]  for  studying 
the  temperature  dependence  of  exeiton  transfer 
between  isoelectronic  centres  in  GaP.  Therefore. 
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The  levels  included  in  our  model  arc:  (i)  the 
free  electron-hole  pair  (ehp):  (ii)  free  exeiton 
(exc):  (iii)  tellurium  self-trapped  exeiton  (Te)  and 
(iv)  a  certain  number  of  non-radiative  levels  (nr). 
Here,  njr,  is  the  decay  rate.  6,,  is  the  trap¬ 
ping  rate  from  state  a  to  state  ji.  and  </>„ is 
the  detrapping  rate  from  13  to  a.  We  next  assume 
that  the  generation  rate  G',^..  essentially  .  i,.. 
is  constant  within  the  range  of  temperature  of  the 
experiments  [12].  The  temperature  dependence 
of  will  therefore  be  essentially  controlled  by 
detrapping  mechanisms  via  free  exeiton  states 
and  non-radiative  centres.  Taking  into  account 
two  non-radiative  centres,  this  can  be  written  as; 
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Concerning  Eg.  (2),  we  assume  the  outcome 
rate  from  the  free  exciton  level  to  non-radiative 
levels  to  he  negligible.  This  is  justificated  as  fol¬ 
lows;  the  non-radiative  centres  must  probably  lay 
in  the  vicinity  of  tellurium  centres.  For  the 
trapped  exciton,  the  mean  free  path  is  severely 
impeded  by  the  high  value  of  its  effective  mass 
[II].  On  the  other  hand,  as  tellurium  atoms  must 
cause  .some  disturbance  in  the  lattice  because  of 
their  size,  one  can  think  that  they  are  a.ssociatcd 
with  extended  defects  such  as  dislocations.  More¬ 
over.  ll-VI  semiconductors  generally  exibit  a 
larger  density  of  such  defects  than  lll-V  com¬ 
pounds.  Using  these  arguments,  it  can  be  under¬ 
stood  that  the  coupling  between  trapped  exciton 
and  non-radiative  centres  is  significant,  while  the 
coupling  between  the  free  exciton  and  these  same 
non-radiative  centres  is  negligible. 

Rather  than  the  capture  cross  section  «, 
fitting  of  Egs.  (.4)  and  (4)  gives  the  product  r,«,  , , 
together  with  4  activation  energies.  Among  these 
4  activation  energies,  one  < /-,.hp  “ can  be 
taken  from  previi)us  studies  i)f  electron  to  heavy- 
hole  binding  encrgtesrrrZnS-ZnSe  superlattices. 
Since  non-radiative  levels  do  not  appear  directly 
in  photoluminescence  spectra,  their  presence  in 
the  sample  is  deduced  from  the  irregular  be¬ 
haviour  of  the  photoluminescence  features. 

Fig.  displays  the  behaviour  of  the  Sl-like  and 
exciton  luminescence  features  versus  tempera¬ 
ture,  We  did  not  succeed  in  fitting  the  experi¬ 
mental  data  without  including  non-radiative  cen¬ 
tres.  In  such  a  case,  the  filled  SI  peak  height 
remains  unaltered  at  low  temperature  [12],  while 
we  clearly  observe  a  decrease  in  the  experimental 
data.  We  need  to  include  two  non-radiative  levels 
in  our  calculations  in  order  to  correctly  fit  the 
experimental  curve.  The  activation  energies  de¬ 
duced  from  the  fit  are;  =  2  meV  and 
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neseence  hands  in  the  ZnS-ZnSe:Te  Miperlatlice.  Squares 
and  diamonds  are  used  to  represent  the  experimental  data  tor 
free  exciton  hand  and  self-trapped  exciton  hand  respectiveh . 
The  curves  represent  the  fit  to  the  data. 


~  E  i^.  =  12  meV,  with  =  80  meV 

and  =  40  meV.  The  series  of  ar  coef¬ 

ficients  used  in  the  fit  is; 

'rc«U-  -nrl  =  lES.  .nr:  =  -^7. 

"lc«lc  .CXC  =  280(H).  =  10. 

Taking  =  1(K)  ps  [19]  gives  -  l()"/s. 

In  the  context  of  a  configuration  coordinate 
diagram,  this  gives  the  scheme  reported  in  Fig.  4. 
The  barrier  potential  is  lb  meV  for  the  exciton- 
to-tellurium  path,  while  we  fit  80  meV  for  the 
reverse  process  (tellurium  to  free  exciton  thermal 
detrapping).  Including  a  temperature  dependence 
for  the  generation  rate  G,^.  would  have  intro- 
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Fig.  5.  ('onl'iguralion  coorUinuto  diagram  deduced  from  the  fii 
to  ihe  data  (see  text  for  details). 


duced  additional  parameters  in  the  fitting  proee- 
dure.  but  would  not  have  significantly  modified 
the  conclusions,  since  trapping  and  detrapping 
mechanisms  occur  via  barrier  potential  in  a  ratio 
1 .5!  This  a  poslcrkni  confirms  the  validity  of  this 
approximation.  The  binding  energy  of  the  elec¬ 
tron-hole  pair,  say  used  in  the  fitting 

procedure  is  40  meV.  There  is  a  significant  in¬ 
crease  in  the  binding  energy  in  the  sample  com¬ 
pared  to  the  bulk  ZnSe  value  (  '  17  mcV)  [20). 
This  large  value  is  related  to  the  exciton  confine¬ 
ment  and  is  close  to  the  one  reported  by  Minami 
et  al.  [21]  who  found  41  meV  from  two-photon 
absorption  spectroscopy  for  20-20  A  ZnS-ZnSc 
free-standing  superlattices.  and  is  consistent  with 
a  type  I  configuration  for  the  electron  to  heavy- 
hole  transition. 

The  optical  data  have  also  been  fitted  in  the 
context  of  the  envelope  function  approach  in  the 
free  standing  hypothesis.  The  light-hole  to 
heavy-hole  splitting  is  20  meV  in  the  ZnSe  layers 
and  around  2.40  meV  in  the  ZnS  layer.  In  case  of 
lattice  matching  to  ZnSe  buffer,  we  would  have  a 
larger  splitting  in  the  ZnS  layers.  The  sensitivity 
t)f  envelope  function  calculations  is  not  sufficient 
enough  (due  to  large  dispersion  »)f  data  in  the 
literature  for  ZnS  and  ZnSe  bulk  parameters)  to 
allow  an  accurate  determination  of  the  valence 
band  offset  in  such  samples  when  optical  transi¬ 


tions  arc  broad.  So,  we  preferred  to  use  the 
values  previously  reported  in  the  article.  The 
observed  experimental  energies  arc  nicely  repro¬ 
duced  by  using  the  conduction  valence  hand  pro¬ 
files  reported  in  Fig.  5  after  Minami  ct  al.  [21]. 
We  note  that  the  confining  potential  is  small  in 
the  conduction  band  and  large  in  the  valence 
band;  it  is  also  in  good  agreement  with  the  therr- 
retical  predictions  of  Van  de  Wallc  [22]  and 
Bertho  and  Jouanin  [2.4]. 


5.  Conclusion 

We  have  studied  the  photoluminescence  of 
tellurium-doped  ZnS-ZnSe  superlattices.  The 
photolumincscence  displays  a  complex  tempera¬ 
ture  dependence.  Both  free  exciton  and  self- 
trapped  exciton  photolumincscence  lines  are  de¬ 
tected  with  energy  differences  of  90  meV.  At 
liquid-helium  temperature,  the  photolumines¬ 
cence  is  dominated  by  contribution  i>f  self-trapped 
excitons.  Increasing  the  temperature,  the  free 
exciton  emission  dominates  the  spectrum,  and  a 
quenching  of  the  self-trapped  exciton  band  is 
produced.  The  temperature  dependence  of  the 
photoluminescence  for  the  exciton  and  self- 
trapped  exciton  bands  is  interpreted  in  the  con¬ 
text  of  a  configuration  coordinate  diagram  and  is 
ruled  by  ;m  activation  energy  of  80  meV.  The 
Rydberg  energy  fit  from  the  experiment  is  40 
mcV.  in  agreement  with  values  of  the  literature. 
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Abstract 

Alomic  layer  epitaxial  (ALE)  growth  studies  of  ZnSe  were  carried  out  in  a  low  pressure  horizontal  nietalorganic 
vapor  phase  epitaxial  (MOVPE)  reactor.  Cirowth  was  carried  out  by  alternately  exposing  the  (iaAs  substrate  to 
hydrogen  selenide  (M,Sc)  and  dimethylzinc  (DMZn)  using  How  modulation  epitaxy  (FME).  It  was  found  that  at  a 
susceptor  temperature  of  2(l(rC  and  above,  the  adsorption  of  either  of  the  reactants  is  extremely  small  and  hence 
self-limiting  monolayer  growth  does  not  take  place.  Significant  deposition  of  ZnSe  took  place  on  the  reactor  wall  in 
front  of  the  susceptor  as  well.  A  hot  wall  reactor  with  colder  susceptor  configuration  was  used  to  prevent  deposition 
on  the  reactor  walls  and  also  to  confirm  the  growth  model  proposed. 


I.  Introduction 

ALH  is  an  attractive  growth  technique  suitable 
for  the  deposition  of  thin,  uniform  layers  with 
mttnolayer  abruptness.  The  technique  has  been 
used  for  the  growth  of  various  II-VI  .semicttnduc- 
tors  [1-6],  using  molecular  beam  epitaxy  (MBK.) 
and  MOVPE.  In  MBE.  constituent  elements  are 
deposited  alternately  on  the  substrate  followed  by 
a  growth  interruption.  When  more  than  a  mono- 
layer  (ML)  of  material  is  deposited,  the  first  ML 
is  chemisorbed,  and  anything  beyond  are  only 
physisorbed.  Hence,  during  the  Towth  interrup¬ 
tion  which  is  generally  of  the  t»rder  of  a  few 
seconds,  all  the  physisorbed  elements  are  des¬ 
orbed  thus  leaving  1  ML.  The  desorption  of  this 
chemisorbed  Ml.  element  takes  longer  time  and 
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the  deptrsition  of  next  layer  occur  before  that 
happens. 

In  MOVPL.  however,  gaseous  sources  of  the 
constituent  elements  are  used.  ALL  growth  is 
accomplished  by  the  sequential  How  of  each  reac¬ 
tant  over  the  substrate  followed  by  a  Hushing 
period.  This  is  also  termed  as  How  modulation 
epita.xy.  If  the  gaseous  sources  decompose  par¬ 
tially  on  the  surface,  then  chemisorption  of  these 
constituents  up  to  a  ML  is  possible.  This  happens 
in  the  case  of  C'dTe  [.xj  where  dimethylcadmium 
(DM('d)  and  diethyltelluride  (DLTe)  are  used  as 
constituent  precursors.  During  DMC'd  cycle,  it 
decomposes  on  the  surface  in  to  Cd  (or  some 
intermediate)  and  eovers  the  surface  up  to  a 
monolayer  level.  During  the  DLTe  cycle.  DLTe 
reacts  with  fully  adsorbed  Cd  to  form  a  ML  of 
CdTc.  On  the  other  hand,  if  gaseous  sources  do 
not  decompose  even  partially,  only  physisorption 
of  source  molecules  occurs.  In  this  case,  true 
ALL  growth  may  or  may  not  be  possible  depend- 
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ing  on  the  desorption  times  ol'  the  adsorbed 
moleeules.  If  the  desorption  time  required  is  large 
in  eomparison  to  the  gas  flushing  time,  then  self- 
limiting  growth  up  to  a  ML  may  be  possible. 

Cirowth  of  ZnSe  by  ALE  technique  has  been 
reported  by  many  workers  in  a  metalorganic 
molecular  beam  epitaxy  (MOMBE)  system  (7,S]. 
Since  Zn  and  Se  source  gases  were  cracked  in 
MOMBE.  the  growth  kinetics  are  similar  to  that 
of  MBE.  Koukitu  et  al.  [4]  reported  atmospheric 
pressure  ALE  growth  of  ZnSe  using  elemental 
zinc  and  hydrogen  selenide.  The  GaAs  substrate 
was  alternately  exposed  to  elemental  Zn  and 
HiSe  vapors  by  moving  the  substrates  using  a 
mechanical  arm.  ALE  growth  was  obtained  over 
the  temperature  range  of  .'^5(1  to  5(M)°C,  for  vari¬ 
ous  H,Se  and  Zn  pressures.  In  all  the  above 
cases,  chemisorption  of  Zn  takes  place  on  ZnSe 
surface,  and  hence  self-limiting  ALE  growth  was 
observed. 

Shibata  and  Katsui  have  used  diethylzinc 
(OEZn)  and  H;.Se  for  the  growth  of  ZnSe  in  an 
atmospheric  pressure  vapor  phase  epitaxial  reac¬ 
tor  using  (low  modulation  technique  [1(1].  Their 
system  is  potentially  superior  to  the  one  using 
elemental  Zn  because  of  the  ease  of  handling 
alkyl  sources,  and  hence  commercially  viable. 
They  have  carried  out  the  growth  by  the  sequen¬ 
tial  introduction  r)f  DEZn  and  H -Se,  withrmt  any- 
flushing  period  between  them.  They  obtained  a 
growth  rate  of  more  than  I  ML/cycle.  indicating 
significant  intermixing  of  gases  caused  by  the 
absence  of  flushing  period.  Hence,  the  results 
were  not  conclusive  whether  ALE  growth  was 
achieved. 

In  this  work,  we  have  undertaken  a  careful 
study  of  ALE  growth  of  ZnSe  using  dimelhylzinc 
(DMZn)  and  H,Se  in  a  horizontal  low  pressure 
reactor.  Our  objective  here  is  to  investigate 
whether  ALE  grrrwth  of  ZnSe  using  the  above 
two  precursors  is  a  practical  method  to  grow 
device  quality  ZnSe. 


2.  Experimental  details 

ALE  growth  experiments  were  conducted  in  a 
horizontal.  .‘sO  mm  diameter  reactor  operated  un¬ 


der  low  pressure.  The  reactor  pressure  was  kept 
at  100  Torr.  Dimethylzinc  (DMZn)  and  hydrogen 
.selenide  (H,Se)  were  used  as  the  reactants.  The 
flow  velocity  of  the  total  gas  through  the  reactor 
was  over  1.1  cm/s  so  that  it  took  less  than  a 
second  to  flush  out  the  reactants  from  the  front 
of  the  susceptor.  To  avoid  any  gaseous  intermix¬ 
ing.  we  kept  the  flush  period  at  .1  s.  A  typical 
ALE  cycle  consisted  of  2  s  of  DMZn  flow.  .1  s  of 
hydrogen  flush  period.  2  s  of  H.Se  flow  and  .1  s 
of  H-  flush  period,  which  will  be  designated  as 
2:.l:2:.l.  These  are  typical  numbers,  but  were 
varied  to  find  out  their  effects  on  the  growth  rate. 
The  reactor  was  equipped  with  a  fast  switching 
manifold. 


3.  Results  and  discussion 

Fig.  1  shows  the  growth  rate  as  a  function  of 
susceptor  temperature.  For  this  set  of  experi¬ 
ments.  DMZn  and  H-Se  partial  pressures  were 
.1  X  10  '  and  2x10  atm.  respectively,  and  flow 
sequence  was  2 ;  3 ;  2 ;  3.  As  the  temperature  was 
increased,  there  is  a  steady  decrease  in  the  growth 
rate  and  at  2.‘'0°C  and  above,  negligible  growth 
rate  was  observed.  In  addition,  the  growth  rate 
was  not  very  uniform  iwcr  the  whole  wafer,  but 
gradually  decreased  along  the  flow  direction.  This 
is  contrary  to  what  is  expected  if  the  growth  were 
true  ALE  type.  Since  H-Se  and  DMZn  react 
even  at  room  temperature,  significant  deposition 
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was  obsersed  in  the  reactor  tube  in  front  of  the 
susceptor  as  well. 

To  determine  whether  the  supply  of  H  ,Se  is 
limiting  the  ALE  growth  rate  at  20(I°C'.  we  in¬ 
creased  the  H.Se  partial  pressure  keeping  all 
other  parameters  constant.  The  results  are  shown 
in  F-'ig.  2.  As  H.Se  was  increased,  the  growth  rate 
continuously  increased,  but  no  clear  saturation  in 
the  growth  rate  was  observed.  The  growth  rate 
increased  beyond  I  ML/cycle.  indicating  that 
there  is  some  intermi.xing  of  gases,  even  though 
we  used  sufficient  time  to  Hush  out  all  the  gases 
from  the  previous  cycle.  Therefore,  effect  of 
flushing  period  on  the  ZnSe  growth  rate  was 
studied. 

big.  ?>  shows  the  growth  rate  as  a  function  of 
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the  flushing  period  of  hydrogen.  No  self-limiting 
growth  window  was  obtained  under  the  condi¬ 
tions  studied.  Since,  the  growth  rate  decreased 
when  the  Hushing  period  was  increased,  we  be¬ 
lieve  the  adsorption  of  either  precursors  is  too 
weak  for  ALE  growth  to  occur.  Once  again,  the 
growth  rates  were  not  uniform  over  the  whole- 
sample  on  the  susceptor,  indicating  that  self- 
limiting  growth  windows  were  not  obtained. 

A  more  e.xhaustive  investigation  was  under¬ 
taken  in  order  to  explain  the  above  results.  Based 
on  our  studies,  we  can  explain  the  growth  mecha¬ 
nism  as  follows.  During  DMZn  part  of  .ALE 
cycle,  the  reactant  will  get  adsorbed  on  all  ci>lder 
part  of  the  reactor  and  to  a  lesser  extent  on  the 
heated  sample  as  well.  Since.  DMZn  does  niit 
decompose  at  the  temperature  studied,  it  will 
only  be  physisorbed.  During  the  Hushing  cycle,  all 
the  reactants  from  the  gas  phase  will  he  Hushed 
out  from  the  reactor  as  expected  based  on  the 
How  rates  used  for  the  carrier  gas.  However,  the 
desorption  of  DMZn  from  the  reactor  walls  is  a 
cr>ntinuous  process  and  will  continue  duiing  the 
H  .Se  cycle  as  well.  Hence,  these  desorbed  DMZn 
will  react  with  H  .Se  in  the  gas  phase  and  this  will 
result  in  gri>wth  of  ZnSe  on  samples  in  the  sus¬ 
ceptor.  H  .Se  will  also  react  with  the  remaining 
DMZn  on  the  reactor  walls  to  form  it  continuous 
film  on  the  wall. 

In  order  to  confirm  the  above  model,  a  mass 
spectrometer  should  be  installed  to  sample  the 
exhaust  gas.  If  the  model  is  true,  the  DMZn  (or 
H..Se)  peak  would  steadily  decay  instead  of 
abruptly  dropping  to  the  background  level  during 
the  Hush  period.  Since  the  mass  spectrometer  was 
not  available,  we  tested  the  hypothesis  by  carry¬ 
ing  out  ALE  growth  experiments  by  heating  the 
front  end  of  the  reactor  tube.  This  will  reduce  the 
adsorption  of  DMZn  (ot  H  .Se)  on  the  wall  in 
front  of  the  susceptor.  Since  ALE  growth  rate  is 
clo.se  to  zero  at  a  growth  temperature  of 
we  kept  the  wall  temperature  at  .■)()()"('  to  prevent 
any  growth  at  the  walls,  and  kept  the  susceptor  at 
2()()°C.  This  arrangement  should  prevent  any  ad¬ 
sorption  of  the  species  on  the  wall,  thus  eliminat¬ 
ing  any  depletion  of  the  reactants,  if  any.  Based 
on  the  decomposition  study  of  Yirshikawa  et  al. 
[11],  neither  of  the  above  reactants  should  de- 
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compose  due  to  the  heated  wall.  No  growth  was 
observed  either  on  the  wall  or  on  the  samples. 
The  results  of  repeating  the  experiments  under 
various  wall  temperatures  are  plotted  in  Fig.  4. 
Note  that  negligible  growth  was  observed  even 
when  the  wall  was  heated  to  only  20()°C.  This 
indicates  that  the  growths  which  occurred  in  our 
earlier  experiments  are  due  to  the  desorbed 
DMZn  (or  H.Se)  fremt  the  reactor  wail  rather 
than  from  the  tiilsorbed  reactants  on  the  sub¬ 
strates.  This  is  our  key  result.  The  results  were 
the  same  even  when  ZnSe  coated  reactor  tubes 
were  used.  Hence,  the  adsorption  of  DMZn  (or 
H  ..Se)  is  extremely  low  at  grow  th  temperatures  of 
20(f('  and  above.  When  the  wall  temperature  is 
2()()'C'  or  above,  nv)  adsorptivin  of  DMZn  takes 
place  on  the  wall  and  therefore  no  source  of 
precursors  for  ZnSc  growth  during  H  .Se  growth 
evcie.  Since  the  grviwth  model  suggests  that  it  is 
not  true  ALE,  the  layers  are  not  very  uniform, 
(3ur  studies  indicate  that  the  adsorption  of  DMZn 
or  H.Se  is  extremely  small  at  the  conditittns 
studied,  and  much  higher  Hows  or  flow  times  may 
be  needed  for  monolayer  adsorption.  Yvrshikawa 
et  al.  [7]  al.so  observed  negligible  adsorption  of 
H  ,Se  (in  the  substrates  when  growth  was  carried 
out  in  MOMBE  system.  Pre-craeking  of  DMZn 
source  gas  may  be  necessary  to  achieve  device 
quality  ALE  layers. 


4.  Summary 

W'e  have  investigated  the  ALE  growth  of  ZnSe 
in  a  low  pressure  MOVPE  system  using  H  .Se 
and  DMZn  as  the  reactants.  Growth  was  carried 
out  using  flow  modulation  epitaxy.  Reactor  con¬ 
ditions  were  varied  in  order  to  identify  ALE 
growth  window  for  ZnSe.  We  have  found  that 
true  ALE  of  ZnSe  using  the  above  two  sources 
may  not  be  possible  because  the  adsorption  of 
the  reactants  on  the  substrate  is  very  weak.  Sig¬ 
nificant  adsorption  and  subsequent  desorption  of 
the  precursors  take  place  on  the  reactor  wall  in 
front  of  the  su.sceptor. 
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Growth  of  CdTe/CdZnTe  strained-layer  single  quantum  wells 
by  modified  hot-wall  epitaxy  method  and  their  properties 
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Abstract 

Several  CdTeyCdZtiTe  slrained-layer  single  quantum  well  (Sl.SQW)  struelures.  with  CilTe  well  width  ranging 
from  15  to  24(1  A.  were  grown  on  GaAstlOO)  substrates,  by  modified  hot-wall  epitaxy  (MWF.)  method  for  the  first 
time.  Our  HWF.  system  is  eqitiped  with  a  gold  tube  radiation  shield  which  is  more  effeetive  in  heat  eonfinement  and 
tempertiture  sttibility  than  conventional  metal  tubes.  Photoluminescence  (PI.)  metisurements  of  SLSOW  showed  that 
the  sharp  Cih,  e.xeitonie  trtinsition  peaks  in  the  range  of  I..5d7  to  l.(>24  eV  shifted  to  the  higher  energy  with 
decreasing  well  width.  From  the  PI.  e.xciltition  (Pl.F)  measurements  of  Sl.SOW,  we  obtained  the  n  =  1,  2.  .5  and 
u  =  I.  2  exeitonie  transition  peaks  for  the  240  and  I2t)  A  CdTe  well  width  Sl.SOW  struetures,  respeetiveb.  The 
exeitonie  trtinsition  energies  were  calculated  considering  strain  effects  and  this  results  were  agreed  well  with 
experimental  ones  considering  the  cxciton  binding  energy.  Moreover,  the  FWUMs  of  exeitonie  transition  peaks 
obtained  from  PI.  and  Pl.F.  measurements  were  tibout  2  meV  and  Stokes  shifts  between  PI.  and  Pl.F  spectra  were 
about  I  nte\'.  It  indicates  ihtit  the  Sl.SOWs  grown  by  IIWE  in  this  study  have  a  high  quality  eomparable  to 
MBF.-grown  ortes. 


I.  Introduction 

Strained-layer  structures  in  semictmductors 
have  a  great  interest  recently  because  of  their 
device  applications  including  high  speed  devices, 
laser  diodes  and  infrared  detectors  [1.2].  Strain- 
ed-l;tyers  modify  the  energy  band  gaps,  hetent- 
junction  band  offsets  and  band  structures.  More¬ 
over.  ll-VI-based  structures  grown  on  the  GaAs 
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substrate  are  increasingly  studied  and  their  strain 
effects  are  more  important  because  of  their  large 
lattice  mismatch.  Strain  can  tilso  inhibit  the  de¬ 
fect  propagation.  Sugiyama  et  al.  [,4]  used  the 
Cd'Fe/CdZnTe  strained-layer  superlattices  as  ;t 
buffer  layer  to  reduce  the  dislocation  for  fabricat¬ 
ing  FIgf'dTc  epilayers  on  GaAs  substrates. 

Strained-layer  structures  are  fabricated  by  var¬ 
ious  crystal  growth  techniques  such  as  molecuhir 
beam  epitaxy  (MBF).  metalorganic  chemical  v;i- 
por  deposition  (MOGVD)  and  hot-wall  epitaxy 
(FIWF).  Among  these  techniques.  HWK  is  a  sim¬ 
ple  and  inexpensive  method  compared  to  MBF 
or  MOC'VI).  however,  many  studies  report  that 
HWH  grown  epilayers  have  a  high  qutility.  as 
g(H)d  as  MBK  or  MOCVD  [4..5].  Therefore.  HWF; 
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can  be  a  promising  epilayer  growth  technique  for 
the  production  of  strained-layer  structures  which 
can  be  used  as  a  devices. 

In  this  paper,  we  report  the  growth  of 
CdTe/CdZnTe  strained-layer  single  quantum 
wells  (SLSQWs)  on  GaAs  substrates  for  the  first 
time  by  modified  HWE  method.  The  epilayer 
quality  and  the  strain  effect  in  CdTc/CdZnTe 
SLSQWs  were  examined  by  low  temperature 
photoluminescence  (PL)  and  PL  excitation  (PLE) 
spectroscopy.  The  results  were  compared  with 
the  calculated  values  considering  strain  effects 
and  exciton  binding  energy. 


2.  Experiments 

C'dTe/CdZnl'e  SLSQWs  were  grown  by  the 
modified  EIWE  system.  Qur  system  used  a  gold 
coated  quartz  tube  as  a  radiation  shield  because 
it  enhances  the  thermal  properties  (i.e.,  heal  con¬ 
finement  itnd  temperature  stability)  by  its  g(H)d 
infrared  reHecting  property.  The  detailed  system 
modification  and  experimental  results  were  re¬ 
ported  elsewhere  [b]. 

For  the  CdTe/CdZnTe  SLSQW  growth. 
( l(IO)-oriented  Cr-doped  semi-insulating  (iaAs 
was  used  as  a  substrate.  Sample  prcperalion  and 
growth  procedure  were  described  in  ref.  |7].  The 
structures  of  Cd  rc/CdZn'rc  SLSQWs  consist  of 
a  C'd  l'c  well  (width  from  1.^  to  24(1  A)  sandwiched 
between  ?  /cm  thick  buffer  and  KKK)  A  thick  t»>p 
(  dZu  Tc  barrier  layers  in  which  Zn  composition 
is  hA' '/ .  Low  temperature  PL  was  measured  us¬ 
ing  a  He-Ne  laser  (b32.8  nm).  a  SPEX  1702 
monochromator,  a  RC'A-48.72  photomultiplier 
tube  and  a  conventional  lock-in  system  at  18  K. 
The  PLE  measurement  was  the  same  as  the  PL 
metisurement,  except  for  the  use  of  a  Ti-sapphire 
hiser  which  was  tunable  between  600  and  82.‘'  nm 
and  excited  by  a  .8  W  Ar  ’  hiser. 


3.  Results  and  discussion 

.7  /.  PI.  mcasiinmcnts 

Fig.  I  shows  the  PL  emission  spectra  of  five 
(  d're/CdZn  Fe  SL.SQWs.  The  main  peaks  in  the 
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energy  range  of  L,s067  to  1.6240  eV  in  the  PL 
spectra  were  identified  as  e|h,  e.xcitonic  transi¬ 
tion  peaks  and  shifted  to  the  higher  energy  (blue 
shift)  with  decreasing  CdTe  well  width  as  ex¬ 
pected.  From  Fig.  1.  the  full  width  at  half  maxima 
(l-WHMs)  of  e,h|  excitonic  transition  peaks  were 
about  2  meV  in  the  well  width  of  over  60  A  at  18 
K.  whose  value  is  comparable  to  the  MBE-grown 
ones,  and  it  indicates  that  the  FIWE-grown 
Sl.SQWs  have  high  quality  structures.  Fiir  .70  and 
Ls  A  well  width,  due  to  the  thickness  fluctuation. 
PL  spectra  show  slightly  larger  FWHM  values.  .7 
and  4.6  meV.  respectively.  Because  our  FIWE 
system  does  not  use  a  shutter,  which  is  used  in 
MBE.  the  thickness  fluctuation  in  a  ver\  thin 

o 

epilayer  (about  10  A)  is  inevitable.  In  a  SLSQW 
with  120  A  Cd'Le  well,  two  main  peaks  were 
observed.  The  peak  at  L60(id  cV  was  due  to  the 
c’lh,  excitonic  transition  peak  and  the  peak  at 
1.60.70  eV.  7  meV  below  the  eih,  e.xcitonic  transi¬ 
tion  peak,  was  reported  as  a  result  of  e.xcitons 
trapped  on  impurities  or  interface  defects  [S]. 
Also,  a  broad  defect  band  can  be  observed  around 
L5,S  eV.  The  defect  band  intensity  of  12')  A  well 
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Fill.  Z.  Phololuniinesccnce  excitation  spectra  of  C'tlTe/ 
Cd/.nTc  single  quantum  well  with  a  CdTe  well  width  i>f  240  A 
(a)  and  121)  A  (b).  The  e|h,  excitonic  transition  peak  i)btained 
from  photoluminescence  is  inserted. 


width  was  markedly  intense  in  comparison  with 
the  others,  and  it  is  consistent  with  the  appear¬ 
ance  of  the  impurity  related  peak  at  1.60.W  eV. 
We  obtained  a  peak  at  1.6250  eV  which  is  consid¬ 
ered  as  an  impurity  bound  exciton  peak  of 
CdZnTe  barriers  from  five  SLSQWs  (in  15  A  well 
width;  this  peak  is  embedded  in  the  main  peak). 
This  peak  intensity,  relatively  smaller  compared 
to  the  c'lh,  intensity  at  the  width  of  240  A.  was 


increa.sed  with  deciw^iMii”  Co  I'e  well  width  and 
was  clearly  observable  for  the  thinner  well  "  idih 
below  60  A.  It  is  believed  that  the  excitonic 
emission  intensity  of  relatively  tliinner  well  width 
is  .small  due  to  the  imiucncc  of  thickness  lluctua- 
tion. 

3.2.  PLE  measurements 

To  obtain  transition  energies  highei  han  the 
e,h|  transition  peak,  we  measured  the  PLE  spec¬ 
trum.  In  Fig.  2a,  six  peaks  were  observed.  Ac¬ 
cording  to  the  quantized  energy  state  calculation 
t)f  240  A  well  width,  it  can  have  /i  =  I.  2  and  3 
states  and  therefore,  the  peaks  at  1.567.  1.606 
and  1.624  eV  were  considered  as  ;;  =  1.  2  and  .7 
excitonic  transitions,  respectively.  The  small  peak 
at  1.601  eV  was  the  first  excited  state  of  n  =  I 
c.xciton  and  the  peak  at  1.626  eV  has  originated 
from  the  acceptor  bound  exciton  of  the  C'dZnT  e 
buffer.  We  also  obtained  a  small  peak  at  1.6 In 
eV,  which  is  considered  to  be  the  transition  be¬ 
tween  the  ground  state  electron  and  the  light 
hole. 

T'he  PLE  spectrum  of  120  .A  well  width  is 
shown  in  Fig.  2b.  The  peaks  at  1.606  and  1.625 
eV  were  n  =  1  and  2  excitonic  transitions,  resiicc- 
tively.  and  the  peak  at  I.6.f0  eV  has  originated 
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AEv  ^  0  strain  exists  only  in  CdTe  layer 

F  ig.  .V  Skeleh  t)l  the  Ccric/CtiZn  Ic  single  quanlum  well  u»ntlucli()n  iiml  valence  band  profiles;  (a)  unstrained  and  (b)  strained 
The  thick  and  thin  lines  represent  the  heavy  and  light  hole,  respectively.  Zn  composition  was  . 
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trnni  the  ('ilZii  l'c  initTcr  la>ci.  the  same  ;is  the 
e;ise  of  the  240  A  well  wiJth.  IftistartI  et  ;il.  |‘)) 
e\plaine(.l  that  the  Stokes  shift  between  the  ab¬ 
sorption  ;ind  the  lumineseenee  speetnt  w;is  in- 
clueecl  from  the  impurities  or  the  excitons  bound 
to  the  interhiee  defeel,  (ienerally.  the  Stokes  shift 
in  lll-V  eompounds  was  about  5  meV.  l  or  the 
ease  of  24(1  .-\  well  vsidth,  ;m  n  =  I  transition 
energy  of  1, 5004  ;md  1.5000  eV  was  obttiined 
troni  PI.  and  Pl.H,  respeetively.  In  the  case  of  120 
.\  well  wiilth.  these  energies  were  1.005.4  and 
1.0004  eV  obtained  from  PI.  and  Pl.H.  respee- 
ti\ely.  I'hiis.  the  Stokes  shifts  have  small  vttiuesof 
0.5  ;md  l.l  meV  in  this  experiment  and  sueh 
smal  values  imply  th;it  the  HWH-grown  SLSOWs 
ha\e  a  good  interhiee. 

Siniiii  t'ffccl  ill  i  dle  /  (  ilZii  Ic  SI..S(>H\ 

In  semieonduetor  helerostruetures.  the  inter¬ 
faces  are  strtiined  due  to  lattice  mismatch.  The 
residual  strain  changes  the  band  configuration 
and  splits  the  degenerate  \  alenee  band  into  heavy 
aiul  light  hole  biimis  [  10. 1 1 1. 

In  I  ig.  we  depicted  our  result.  In  our  etilcu- 
lations.  we  took  the  ptirameters  from  ref.  |ll|. 
The  strain  effect  was  considered  only  for  a  ('dTe 
layer  for  two  reasons:  first  due  to  the  eritictil 
thickness,  the  yum  thick  (  (.l/.nle  buffer  layer 
grown  on  a  Cla.As  substrate  was  tully  strain  re¬ 
laxed  |I2|:  second,  the  (  d  ie  layer  is  thin  enough 
ei'iiipared  to  the  (  d/.n  I  e  layers  and  so  it  does 
not  alleet  the  ('d/.n  le  (op  layer.  I  herelore.  we 
assume  that  the  Cd/n  le  Irarriers  htive  no  sirtiin. 
.A  calculation  of  t|uanli/ed  electron  ;ind  hole  sub¬ 
band  energies  was  performed  for  each  (  d  ie  hiyer 
thickness  In  the  finite  potenli;il  well  problem 
familiar  from  i.|uanlum  theory.  The  \alence  btind 
ofiset  was  assumed  to  be  /cro,  and  in‘:  =  (l.OWm,, 
and  /n,;,,  (I.5I.4//I,,  11.4]  were  used.  l  ig.  4  shows 

the  calculated  e|h|  excitonic  triinsition  energies 
(soliil  line)  and  the  e\perimenl;il  ones  obtained 
from  PI.  and  PI  1:  measurements  (open  si|uares 
and  tilleil  triangles,  lespeclively)  as  a  funelion  of 
the  confined  (  d  ie  well  widths.  The  experimental 
viilues  showeil  a  similar  trend  ;is  the  ctileulaled 
salues.  but  several  meV  below  the  caieulaied 
Viilues.  riiis  ilitlerencc  is  tiue  to  the  he;ivy  hole 
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liu.  4  Ihc  c^.ti..  cxcitniiK’  ir.Hiviliifii  cncri’ic'-  i't  yli(ti.TL-ni 
(MIc  wei)  ukllh  in  .1  C  kl'Jc  Cil/nlc  viniilc  (jiunliini  well. 
Soliil  lines  .lie  e.ikul.ilcil  J.il.i  considering  the  sirinn  eltecis 
Open  si|ujre>  .ind  lilled  lii. ingles  .ire  evpenrnenl.il  d.ilj  oh 
t.uneil  Ironi  phololunnnescence  .iiul  phololurninescence  e\yi 
l.ition  nic.isiiiemenis.  icspeclivcK 


exciton  binding  energy.  I’rom  I  ig.  4.  we  tound 
that  the  cxciton  binding  energy  w;is  ;ibout  Id 
meV  for  ;ib(we  (it)  well  width  and  1.'  ;md  15 
meV  for  .41)  ;iml  15  \  well  width,  respeeticely.  .As 
we  know,  the  exeiton  binding  energy  incrcitses  ;ts 
the  well  widths  deere;ise.  Ilowexer.  the  reported 
viilue  of  exeiton  binding  energy  ;ire  around  14 
meV  for  the  r;inge  ot  Itll)  to  .4()t)  .A  well  width 
('d  l  e  .-A  d/.n  l  e  SLS(J\\  [141.  and  we  consider 
that  this  difference  h;is  originated  troni  the  low 
(  d/n  l  e  biirrier  height  :ind  the  thickness  lluelu;t- 
tion  in  SLSC^W. 


4.  Conclusion 

In  summtiry.  high  quality  (  die  ('d/.nle 
SI..S(.)Ws  were  grown  by  modified  IIWT:  method. 
I  rom  the  PI.  metisuremenls  of  each  SI. SOW.  the 
e|h,  cxcilonie  transition  was  obtained  and  its 
energy  increased  with  decreasing  CdTe  layer 
thickness.  W'c  obtained  the  qu;inti/ed  excitonic 
transitions  from  the  Pl.b  spectra.  Ouanti/ed  sub- 
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band  energies  of  ihe  SLSQWs  were  ealeulated 
taking  into  aeeount  strain  effeets  and  the  ealcu- 
lated  e|h|  transition  energy  agreed  well  with  the 
experimental  values.  I'he  obtained  PI.  and  PLb 
speetra  indieate  that  the  SLSQWs  grown  by  HWL 
in  this  study  have  a  high  quality  eomparable  ti» 
MBL  grown  ones.  Thus,  we  conelude  that  HWL 
is  a  versatile  method  for  the  growth  of  high 
quality  11-Vl  quanti’.m  wells. 
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Abstract 

7.nSc  cpilaycrs  were  grown  on  semi-lnsuluting  GaAs  (11)0)  subsirales  b>  Al.K  (alomie  layer  epilasy)  nioilitiea 
from  C'V'D  (ehemieal  vapor  deposition).  The  optical  properties  of  ZnSe  films  depending  on  thickness  were  studied 
through  mieri'-Raman  and  PI.  (photolumineseenee)  spectroscopy .  The  critical  thickness  was  determined  to  he  .ihoul 
II. I  /ani  by  analy/ing  the  change  in  the  peak  shift  of  I.O-phonon  modes  of  Z.iiSe  films.  This  is  confirmed  from  the 
increase  of  the  intensities  of  the  deep  center  band  in  the  PI.  spectra  when  the  thickness  exceeds  II. I  ^m. 


I.  Intniductiun 

The  ZnSe/CiaAs  (100)  system  has  attracleci 
c'Dnsiclerahle  atlcntitni  due  to  the  suecess  of 
blue-green  laser  diodes  at  77  K  in  IVOI  (I).  Until 
now.  since  high-quality  ZnSe  bulk  material  as  a 
substrate  is  difficult  to  obtain,  mttst  ZnSe  based 
materials  are  grttwn  on  CiaAs  substrates.  Beeau.se 
of  the  lattice  mismatch  between  the  two  materials 
(0.27'7),  ZnSe  films  grown  on  (iaAs  substrates 
are  under  biaxial  compressive  stress  in  the  dircc 
tion  parallel  to  the  helerointerface.  In  this  case, 
the  strain  is  formed  in  the  lattice  structure.  While 
for  very  thin  films,  elastic  strain  is  accommo¬ 
dated,  films  with  thicker  thickness  start  formation 
of  dislocations.  Such  a  strain  has  much  effect  on 
the  electronic  structures,  optical  properties,  and 
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other  physical  properties  such  as  the  degradation 
phenomena  of  ZnSe-based  devices  due  to  the 
misfit  dislocittions  |2],  I  he  effects  of  the  strain  for 
ZnSe.-'C'iaAs  heterointerfaces  have  been  studied 
through  X-ray  diffraction  [.^].  TfiM  (transmission 
electron  microscopy)  [41,  and  the  optical  measure¬ 
ments  [.x]. 

Atomic  layer  epitaxy  (.Al.K).  which  is  well 
known  as  a  method  to  control  to  the  monolayer 
by  supplying  the  source  materials  alternatively, 
has  been  applied  to  the  various  kinds  of  the 
compound  semiconductors  since  the  original  de¬ 
velopment  by  Suntola  and  Ansfon  [hj  in  1474. 
AL.K  includes  the  important  characteristies  of  the 
self-limiting  mechanism;  the  growth  becomes  sat¬ 
urated  automatically,  independent  of  the  main 
growth  parameters.  Therefore.  Al.K  is  useful  to 
grow  thin  films,  superlattice  struetures.  the  active 
layers  in  semiconductor  devices,  and  all  the  pro¬ 
cesses  in  which  more  accurate  thickness  control  is 
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rcquircil.  F'urlhcrmore,  AI.E  is  known  [7]  to  be  a 
usetui  method  in  studying  the  growth  meehanism, 
because  the  growth  is  performed  in  a  two-dimen¬ 
sional  layer-by-layer  mode. 

In  this  paper.  ZnSe  films  were  grown  with 
ZnCU  and  H,Se  souree  gases  by  using  the  ALE 
toehnique  modified  from  CVD  (chemieal  vapttr 
deposition).  I'or  ZnSe  films  with  various  thiek- 
nesses.  optietil  properties  were  studied  through 
miero-Raman  and  pho'olumin.seenee  spec¬ 
troscopy.  The  experimental  results  are  discussed 
with  the  focus  of  the  thickness-dependent  proper- 
ities  of  ZnSe  films  on  (iaAs  substrates. 

2.  Experimental  procedure 

rile  (100)  (jaAs  substrate  was  degreased  in 
organic  sobents.  etched  chemically  in  a  H  >SOj 
:  H ;(). :  H  A)  (4  ;  1  :  1 )  solvent  for  00  s,  rinsed  with 
deioni/ed  wsiter.  ;md  loaded  into  the  reactor. 
Before  grinvth,  the  substrate  was  heated  at  6()0'’C 
for  10  min  in  H  .  gas  Ilow  for  initial  oxide  dcsorp- 
tioti.  After  lowering  the  temperature  down  to  the 
growili  temperature  (450'C).  ZnC'l,  and  H<Se 
reactant  gases  were  supplied  alternatively  by  ro- 
tiititig  the  substrtite.  I'o  get  ;i  series  of  ZnSe  films 
with  different  thicknesses,  we  kept  all  the  growth 
partimeters  the  stime  ;md  \;iried  only  the  opertit- 
ing  cycles.  Ihis  is  based  on  the  ■self-limiting 
mechtttiism  ",  one  of  the  impiirtant  properties  of 
•ALL.  which  hits  been  reported  in  detail  [S|. 

Optical  properties  of  ZnSe/CitiAs  films  were 
stuilied  through  micro-R;im;m  and  photolumines¬ 
cence  (I’l.)  speettoseopy,  Micro-Raman  spectra 
were  taken  under  excitiition  of  the  476.S  nm  line 
from  tin  Ar-ion  laser  at  room  temperature,  in  the 
hack  scattering  geometry.  Raman  spectra  were 
analy/ed  using  ;i  double  monochromtitor  (SI’EX 
14(1.^,  /  ^  (l.(S.S  m).  I’hotoluminescence  spectra 
were  me;isured  in  ;i  He  cycling  refrigerator.  "Lhe 
excitation  source  for  the  luminescence  was  the 
,7(1.^  nm  line  of  a  Hg  lamp. 

3.  Results  and  discussion 

The  hittice  constant  of  ZnSe  =  -‘'•bfi't  A) 

IS  slightly  hirger  th;m  that  of  (i;i As 


I'ig.  ).  Raman  spectra  ol  /nSc  lilnis  with  various  thicknesses. 

o 

A).  Hence,  the  epitaxial  growth  of  ZnSe  on  (100) 
GaAs  substrate  produces  a  strain  in  the  lattice 
structure  due  to  a  biaxial  compression  along  the 
directions  ptirtillel  to  the  interface.  When  the 
atoms  have  slightly  deviated  from  the  original 
positions,  a  coherent  interface  is  formed  between 
the  substrate  ;md  the  film  due  to  elastic  deforma¬ 
tion.  However,  when  the  stress  is  relatively  large, 
at  equilibrium,  the  crysttti  energy  becomes  mini¬ 
mum  with  the  proper  combination  of  residual 
elastic  deformtition  and  formation  of  misfit  dislo¬ 
cation  [b].  I  herefore.  when  the  film  is  very  thin, 
only  elastic  deformtition  takes  place  without  for¬ 
mation  of  misfit  disloctitions.  With  an  increase  of 
the  thickness  of  the  film,  the  density  of  the  misfit 
dislocations  increases  [10]. 

big.  I  shows  Raman  spectrti  due  to  the  zone 
center  ( /')  LO  phonons  of  ZnSe  films  with  thick¬ 
nesses  of  7.S().  lOOO.  LS(K).  and  .KMM)  A.  The  1.0 
phonon  frequency  w  of  the  ZnSe  thicker  thtin 
.4()()()  A  is  Z.sZ.-S  cm  '.  which  is  consistent  with 
thiit  of  bulk  ZnSe.  On  the  other  hand,  for  films 
with  thickness  less  than  1  ()()()  A.  a  blue  shift  of  1 
cm  '  was  observed  with  respect  to  that  of  the 
bulk,  and  w  of  a  I.^OO  A  thick  ZnSe  film  is 
between  that  of  l(K)()  and  ."^(HK)  A.  The  shifts  of 
LO  phonon  frequency  are  summarized  in  Eig,  2. 

To  expliiin  the  observed  changes  of  phonon 
frequency,  we  discuss  the  effect  of  the  deforma¬ 
tion  on  the  lattice  vibration  depending  on  the 
film  thickness.  Generally,  since  the  GaAs  sub¬ 
strate  is  much  thicker  (  "  b(M)  /zm)  than  the  ZnSe 
film,  the  lattice  constant  of  ZnSe  parallel  to  the 
heterointerface  is  considered  to  he  the  same  as 
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that  of  CiaAs  in  complete  deformation.  In  this 
case,  the  strain  e  is  -0.01)27.  and  LO  phonon 
frequenev  w  depends  on  e  with  the  expression 
111] 

(a  =  (a,„  +  2  Jfi,,-  (1) 


w  here  wn,  is  the  phonon  frequency  of  bulk  ZnSc. 
and  Jfi||  and  are 


Jfi  = 


2<i  ^„  +  2A„ 

:  c  c  ‘•'lof- 

JO  -’I  1  12 

(2) 

'll  ~  ‘‘'i: 

>  1 1  +  .S ,  > 

(■’) 

In  the  case  of  ZnSe.  the  deformation  potentials, 
-  ( /;  +  2//)/(-iw]f,  and  ( p  -  i/)/2u)-,,,.  arc  known 
to  be  1.1.^  and  0.62,  respectively  [12].  Here,  sub¬ 
stituting  .S', I  -f-  .S,,  =  0.0145,  .S||  +  2.Sp  =  0.(H)6. 
and  .S,,  -  .S|,  =  0.0.1 15  [II],  the  shift  of  the  1.0 
phonon  frequency  'Swp,  becomes 

<5w| -  .f85.04e  (cm  ')•  (-1) 

Substituting  e  =  -  0.002'7.  the  blue  shift  of  I  cm  ' 
is  obtained. 

As  shown  in  Fig.  2.  LO  phonon  peaks  of  ZnSe 

are  blue-shifted  for  ZnSe  films  with  a  thickness 
0 

of  less  than  1000  A  in  comparison  with  that  of 
bulk  ZnSe.  which  is  indicated  by  the  solid  line. 
This  value  corresponds  to  that  of  completely 
strained  ZnSe  films.  As  the  thickness  becomes 
larger,  the  l.O  phonon  frequency  comes  closer  to 
that  of  bulk  ZnSe.  Such  experimental  results  indi¬ 
cate  that  if  the  film  thickness  is  larger  than  1000 
A.  relaxation  '-tarts  to  occur  due  to  formation  of 
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misfit  dislocation.  I'he  critical  thickness  /;  .  the 
maximum  thickness  before  the  formation  of  mis¬ 
fit  dislocation,  is  estimated  to  be  1000  .A. 

For  further  understanding  of  relaxation  of 
strain  tor  ZnSc  films  grown  thicker  than  the 
critical  thickness  on  CiaAs  substrates,  the  photo¬ 
luminescence  spectrum  was  studied.  Fig.  ,4  shows 
PL  spectra  of  Zn.Se  films  of  1000.  1500.  and  2000 
A.  Flic  PL  spectra  consist  of  the  I,  line  (2.7v)7 
eV).  DA  (donor-acceptv)r)  pair  (2. 7-5.4  eVI.  .S.A 
(self-activated)  band  (2.07  eV).  C'u-green  band 
(2. .44  eV).  and  free  exciton  peak  (2.S02  eV)  which 
is  overlapped  with  the  1  -  line.  Here,  the  I  -  line  is 
the  peak  due  to  the  exciton  bound  iiv  the  neutral 
Cl.  which  appears  because  of  the  source  material 
ZnC’l ,.  The  PL  spectra  show  that  the  intensity  of 
the  deep  center  hand  increases  with  an  increase 
of  the  film  thickness  above  1000  A  in  comparison 
with  intensities  of  I,  line  and  DA  pair.  Relative 
intensities  of  I,  line  peak  with  respect  to  deep 
center  hand  (1,/SA)  are  plotted  in  Fig.  4.  The 
ratio  of  intensity.  1  ,/SA.  increases  up  to  KkK)  A. 
and  above  that  thickness,  it  starts  deereasing. 
This  is  explained  by  the  fact  that  the  relaxations 
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ot  strain  brinii  the  change  in  the  quality  of  films; 
that  is.  as  the  film  grows  thicker  than  the  critical 
thickness,  impurities  such  as  C'u.  Cl  and  Zn- 
vacancies  are  eoiieeted  around  dislocations.  .Also, 
visual  observation  of  film  surface  gives  the  similar 
results;  while  films  with  thickness  of  less  than  or 
equal  to  KKIO  A  show  a  homogeneous  mirror 
surface,  films  with  thickness  above  .'^000  A  show 
rough  a  surface.  This  indicates  that  the  increase 
of  dislocations  results  in  formatitrn  of  crystal  de¬ 
fects. 

On  the  basis  of  results  of  micrt>-Raman  and 
Photoluminescence  spectra,  we  conclude  that  the 
critical  thickness  of  Zn.Se  films  on  (iaAs  sub¬ 
strates  grown  by  .ALP.  is  10(1(1  A.  Phis  value  is 
considered  quite  reasonable  compared  with  the 
theoretical  value  of  7.s(l  A  [l.’l  and  other  experi¬ 
mental  values  [141. 


4.  Summary 

Z.nSc  films  w  ith  various  thicknesses  were  gri'wn 
on  CiaAs  ( 100)  substrates  using  atomic  layer  epi¬ 
taxy  modified  from  CVI).  The  thicknesses  of  cpi- 
laycrs  were  controlled  by  the  operating  cycle  us¬ 
ing  the  principal  advantage  of  Al.f;.  self-limiting 
mechanism.  I'o  investigate  the  effect  of  the  strain 
line  O'  the  lattice  mismatch  between  substrates 
and  films,  micro- Raman  spectroscopy  was  per- 
formeil.  which  resulted  in  the  observation  of  blue 
shifts  in  the  l.O  phonon  peak  with  a  decrease  of 
the  thickness.  Wi(h  thickness  above  HHHI  A.  as 


the  strain  was  being  relaxed,  the  1.0  phonon 
peak  was  shifted  to  the  LO  phonon  frequency  of 
bulk  ZnSe.  F'rom  this  result,  the  critical  thickness 
-  which  is  the  maximum  thickness  I'f  growing 
gi'i'd  fi'ms  without  formation  of  dislocations  - 
was  determined  to  he  1000  A.  Purthermore.  the 
PL  spectra  showing  free  exciton  peak.  I ,  peak. 
DA  pair  and  SA  center  confirm  the  critical  thick¬ 
ness  of  1000  A  through  an  analysis  of  the  change 
of  intensity  ratio  of  the  exciton  peak  to  the  deep 
center  hand  (1  ./SA). 
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Abstract 

TclUirium  (Tc)  CNcit»>n  traps  have  been  ihipcit  into  the  wells  ot  ZnS,  (  tiS.Te  superUitlices  to  iinestittate  the 
potential  tor  achieving  enhanced  blue  emission  intensities  at  room  temperature.  F-veiton  trapping  and  eorresponditig 
blue  emission  wiis  eonlirmed  from  photolummescence  studies,  however,  the  emission  was  lound  to  giieneh  tibove 
about  2(1(1  K.  which  is  probabK  attributable  to  disl<>ealion  fvrrmation  in  highly  strtiined  layers  when  large  ions  such  as 
Te  are  incorporated.  Comparison  of  the  emission  linewidths  with  that  of  bulk  CdS:Te  show  that  the  nature  ol 
electron  phonon  einipling  to  the  Te  centres  changes  in  the  superlattiee  structures  ei'mparevl  to  bulk  material. 


I.  Introduction 

Rtipid  advances  in  epitaxial  growth,  eleetrieal 
doping  and  structural  quality  of  wide  bandgap 
1 1- VI  compounds  in  recent  years  has  led  to  con¬ 
tinuing  development  of  blue  light  emitting  and 
laser  diodes,  for  which  a  fundamental  problem 
concerns  the  rtidititive  quantum  efficiency,  l.ow- 
dtmensional  structures  are  known  to  exhibit  in- 
cretised  radititive  efficiency  ;is  well  as  optical  tun- 
ability.  However,  an  alternative  way  of  increasing 
the  radiative  efficiency  may  be  possible  by  incor¬ 
poration  of  isvK'lectronic  impurities  which  are 


(  orresponding  iiullKM . 


kntnvn.  in  certain  ll-VI  compounds,  to  lead  to 
intense  bound  exciton  luminescence.  In  addition, 
since  such  impurities  are  electrically  neutral,  this 
should  not  significantly  alter  the  eleetrieal  be¬ 
haviour.  Isoelectronic  traps  occur  when  atoms 
from  the  same  group  of  the  periodic  table  as  that 
of  the  host  atom  substitute  isovalently.  The  re¬ 
sulting  short  range  potential  leads  to  tight  IvKal- 
ization  of  one  carrier  type  followed  by  eoulombic 
attraction  vif  the  vrther  carrier,  thereby  creating  a 
bound  cxcittin. 

Isolated  tellurium  (  Te)  isoelectronic  ions  are 
known  to  produce  deep  exciton  traps  in  C'dS 
leading  to  intense  or:mge  luminescence  at  2.().s 
eV  [1].  In  addition,  the  bandgap  of  ZnS  (.^.S4  eV. 
4  K)  is  approximately  1..^  eV  larger  than  that  of 
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C'dS.  Consequently,  the  aim  of  this  work  was  to 
eonfine  Tc  trapped  exeitons  in  thin  (  <  25  A)  CdS 
wells  of  ZnS/CdS  superlattiees  to  obtain  intense 
luminesecnee  in  the  blue  region  (2.6-2.8  eV).  In 
this  paper,  we  report  on  the  initial  attempts  at 
achieving  such  emission  from  Tc  doped  ZnS/CdS 
superlattiees  grown  by  mctalorganic  chemical 
vapour  deposition  (MOCVD). 


2.  (irowth 

(irowth  was  carried  out  in  a  horizontal  flow 
atmospheric  pressure  MOCVD  reactor  essen¬ 
tially  similar  to  that  described  previously  [2],  The 
Zn.S/CdS  and  Zn.S/CdS;Te  superlattice  struc¬ 
tures  were  deposited  onto  (0(11)  GaAs  substrates 
after  first  growing  an  ^  .''(MK)  A  ZnS  buffer  layer 
which  was  expected  to  be  fully  relaxed  [.^].  The 
substrates  were  cleaned  in  boiling  propan-2-ol 
and  then  chemically  etched  in  a  .'i :  1 : 1  solution  of 
H,,S04:H,0:H,6,  at  40“C  for  10  min.  Sub¬ 
strates  were  loaded  into  the  reactor  on  a  SiC 
coated  graphite  susceptor.  The  reactor  was 
Hushed  with  purified  H,  before  heating  the  sus¬ 
ceptor  to  (lOO'C  for  10  min  under  H  .  flow. 

Dimethylzinc-triethylaniine  [Me-Zn(NHt  >)]. 
dimethylcadmium  [DMC'd],  and  hydrogen  sul¬ 
phide  [11  -S|  were  used  as  the  zinc,  cadmium  and 
sulphur  sources,  respectively,  f'or  I'e-doped 
structures  diethyltelluride  (DHTe).  with  a  partial 
\apour  pressure  of  '  S  1  orr  at  room  tempeni- 
ture.  was  used.  Ihe  low  levels  (d  I'c  incorpora¬ 
tion  required  in  the  CdS  layers  were  achieved 
using  the  diffusion  cell  doping  technique  de¬ 
scribed  previously  [4].  essentially,  a  single  diffu¬ 
sion  channel  leading  from  the  le  source  cell  is 
fed  into  a  fast  flowing  bypass  line,  which  letids  to 
the  rciictor  vessel.  For  a  fixed  diffusion  channel 
length  and  diameter,  the  concentration  diffusing 
into  the  bypass  line  is  proportional  to  the  partial 
vapour  pressure  of  the  precursor.  In  this  way 
levels  of  le  below  lO'''  cm  ‘  were  achieved,  as 
determined  from  the  photoluminescence  of  cor¬ 
responding  CdS :  Fe  epilityers.  The  growth  c<mdi- 
tions  used  are  summarized  in  Table  I. 

The  hittice  mismatch  between  cubic  ZnS  («/„s 
-  .T4(I<D  A)  and  CdS  («<,,.,  =  .S.S.42()  A)  is  - 
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20  s 

Df-Te  diffusion  channel  length 

.'5  cm 

DFTe  diflusion  channel  diameter 

4  mm 

Oiffusion  channel  bypass  nt>w 

cm '  mm 

7.25' f.  making  the  corresponding  superlattice 
system  highly  strained.  Consequently,  the  major¬ 
ity  of  superlattiees  were  grown  with  .>()-(■>()  short 
pericids  (  <.S()  A)  and  narrow  CdS  layers  (  2."' 

o  _ 

A),  in  order  to  maintain  pseudomorphic  growth 
to  the  relaxed  ZnS  buffer.  In  this  instance,  the 
CdS  layers  are  expected  to  be  fully  strained. 

3.  Phololumincscencc 

Low  temperature  (I.S  K)  PL  spectra  obtained 
from  a  typical  Te  doped  and  an  undoped  super- 
lattice  are  shown  in  F'ig.  I.  The  superlattice  layer 
thicknesses  were  ('btained  by  TF.M.  F'ig.  I  also 
shows  the  PL  spectrum  of  a  Te  doped  CdS:  Te 
epilayer  grown  onto  ((MID  Ga.As  (Fig.  Ic).  The 
epilayer  was  ^  1  ;xm  thick  and  is  assumed  to 
have  relaxed  to  the  wurtzite  phase  [.^].  The 
wurtzite  bandgap  of  CdS  is  marked  on  Fig.  I .  The 
PL  spectrum  of  the  CdS:  Te  epilayer  is  domi¬ 
nated  by  an  intense  broad  (FWHM  '  2L>  me\') 
band  peaking  at  2.(),S  eV.  This  hand  has  previ¬ 
ously  been  attributed  to  e.\eiti)n  trapping  at  iso¬ 
lated  Te  centres,  with  a  trapping  depth  of  2(41 
meV  [b].  The  smooth  broad  lineshape  is  the  re¬ 
sult  of  strong  electron-phonon  coupling  associ¬ 
ated  with  the  tightly  localized  hole. 

The  PL  spectra  from  the  undoped  ZnS /CdS 
structure  (Fig.  la)  shows  a  superlattice  emission 
peak  at  2.^24  eV.  in  the  violet  region.  This  emis¬ 
sion  has  previously  been  attributed  to  quantum 
confined  free  cxciton  recombination  (e.g..  refs. 
[7,S1).  The  large  blue  shift  with  respect  to  the  CdS 
bandgap  is  expected  for  such  a  narrow  well  strue- 
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.'.•'l  l  nm  radiadim  at  I  W  em  -  intensity.  Well  and  barrier 
thicknesses  obtained  by  TF.M  are  indicated. 


turc  having  a  large  band  offset.  Intense  superlat¬ 
tice  emission  in  the  vittlet/UV  region  (up  to  3.3 
eV)  yyith  little  or  no  deep  centre  emission  was 
observed  from  the  range  of  undoped  superlattices 
grown  with  the  narrowest  C'dS  wells,  typically 
<  20  A.  In  wider  well  samples,  reduced  superlat- 
tiee  emission  intensities  (implying  increased  non- 
radiative  recombination)  atid  relative  increases  in 
deep  centre  emission  were  observed,  both  of 
which  can  be  ttitributed  to  relaxation  of  the 
strained  cubic  C'dS  well  layers  with  the  conse¬ 
quent  introduction  of  misfit  dislocations  and 
phase  instability  defects. 

The  PL  from  the  dyyped  structure  (Fig.  lb) 
shows  a  superlattice  emission  peaking  in  the  blue 
(2.f)27  eV)  as  well  as  significant  deep  centre  emis- 
siyrn.  In  addition,  the  superlattice  emissk»n  inten¬ 
sity  was  approximately  an  order  of  magnitude 
lower  compared  with  Fig.  la.  Indeed,  most  of  the 


I'e  doped  structures  grown  were  found  to  exhibit 
a  reduced  superlattice  emission  intensity  and  deep 
centre  emission.  In  many  cases,  no  superlattice 
emi.ssion  was  observed  at  all.  with  only  deep 
centre  emission  present.  Fhese  findings  probably 
result  from  substitution  of  large  I'e  impurities 
into  the  very  thin  and  highly  strained  C'dS  layers. 
It  is  possible  that  such  large  ions  enhance  the 
onset  of  dislocation  production  and  the  subse¬ 
quent  relaxation  of  the  layers.  I'empcraturc  de¬ 
pendence  measurements  on  the  superlattice 
emission  intensities  further  reveal  the  conse¬ 
quences  of  deep  radiative  and  nt'ii-radiative  cen¬ 
tres.  The  superlattice  emission  of  undoped  struc¬ 
tures  could  he  observed  up  to  room  temperature, 
whereas  for  doped  structures,  the  emission  atten¬ 
uated  more  rapidly  and  was  quenched  above  200 
K. 

The  superlattice  emissions  of  the  doped  struc¬ 
tures  were  mainly  observed  to  occur  close  to  the 
C'dS  bandgap  (e.g..  Fig.  lb)  giving  blue  emissions. 
Clearly,  the  large  quantum  confined  blue  shifts 
obserxed  in  undoped  structures  are  absent  in  the 
doped  structures,  and  to  illustrate  this  further.  ;m 
estimate  of  the  electron-heavy  hole  n  -■  1  transi¬ 
tion  energy  was  made  using  an  envelope  function 
approximation  [*)].  An  arbitrtiry  valence  hand  off¬ 
set  of  .300  meV  was  used  leaving  most  of  the  band 
offset  in  the  conduction  band,  in  agreement  with 
the  cH'mmon  anion  rule.  Since  data  arc  scarce 
ci'ncerning  the  low  temperature  cubic  bandgap  of 
C'dS.  the  wurt/ite  band  was  used,  which  is  a 
reasonable  approximation  in  view  of  the  xame 
room  temperature  bandgap  (2..s0  eV)  quoted  for 
both  wurtzite  and  zincblende  phases  [10].  I'he 
predicted  n  =  I  transition  energies  for  both  the 
doped  and  the  undoped  superlattice  irf  Fig.  I  arc- 
indicated.  I'he  higher  calcuhited  energy  for  the 
doped  structure  simply  retlects  the  slightly  thin¬ 
ner  well  width.  It  is  clear  from  Fig.  I  that  the 
superlattice  emission  is  significantly  red-shifted 
with  respect  to  the  corresponding  n  =  I  transi¬ 
tion  for  the  doped  structure  (  ^  400  meV)  com¬ 
pared  with  the  undoped  structure  (  '  ,30  me\'). 
Similar  large  red-shifts  were  obserxed  for  the 
range  of  I'e  doped  superlattices  grown.  This  is  a 
clear  indication  that  trapping  i>f  excitons  at  Tc 
centres  occurs  in  the  doped  wells.  Further,  it  is 
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noted  that  the  extra  red-shift  for  the  doped  su¬ 
perlattice  of  Fig.  lb  ( '■  350  meV)  compared  to 
the  undoped  structure  is  larger  than  the  bulk 
CdS ;  Te  cxciton  trapping  depth  of  260  meV.  It  is 
thus  possible  that  the  Te  trapping  depth  has 
increased  in  the  CdS  superlattice  layers,  caused 
by  a  perturbation  of  the  highly  localized  Te  bound 
hole  by  the  confining  ZnS  barriers.  We  have 
calculated,  from  application  of  a  hole  capture 
theory  previously  developed  for  Te  isoelectronic 
traps  in  ZnSe  [11],  that  the  effective  diameter 
(assuming  a  spherical  potential)  of  the  trapping 
potential  for  isolated  Te  traps  in  CdS  is  ^  16  A. 
The  well  widths  of  the  doped  structures  grow'n 
here  were  comparable  with  or  smaller  than  this 
diameter,  and  would  support  the  idea  that  the  Te 
impurity  pittential  may  be  modified  by  the  ZnS 
barriers. 

Finally,  it  is  noted  that  the  linewidths  of  super¬ 
lattice  emission  from  doped  and  undoped  struc¬ 
tures  are  comparable  (e.g..  Fig.  1).  and  arc  found 
to  lie  in  the  range  100-150  mcV.  Such  large 
linewidths  are  attributed  to  interface  roughness, 
the  effects  of  which  are  pronounced  in  large  hand 
offset  systems  such  as  ZnS/CdS.  In  view  of  the 


Temperature  (K) 
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tight  localization  of  holes  expected  at  T'e  centres, 
the  linewidths  from  doped  structures  might  be 
expected  to  be  larger  than  those  from  undoped 
structures,  and  closer  to  those  of  epilayers  (Fig. 
Ic).  This  was  not  found  and  thus  it  appears  that 
the  strong  electron-phonon  coupling  associated 
with  Te  ions  in  bulk  CdS  does  not  occur  in  thin 
quantum  confined  CdS  layers.  This  is  further 
highlighted  by  the  variation  of  FWFIM  with  tem¬ 
perature  for  CdS.  Te  epilayer  emission  and  the 
superlattice  emissions  from  doped  and  undoped 
supcrlattices.  as  shown  for  typical  samples  in  Fig. 
2.  The  rapid  broadening  of  the  epilayer  emission 
with  increasing  temperature  is  a  classic  character¬ 
istic  of  a  strongly  coupled  centre  [11-  whereas  the 
two  superlattice  emissions  behave  in  a  similar, 
less  dramatic  way.  It  is  possible  therefore,  that 
the  confining  ZnS  barriers  not  only  alter  the  Te 
centre  trapping  depth,  hut  also  the  nature  of  the 
electron-phonon  coupling  to  such  centres. 

4.  Conclusions 

ZnS/CdS  and  ZnS/CdS.  Te  strained  layer  su¬ 
perlattices  were  grown  to  investigate  the  poten¬ 
tial  t)f  using  deep  isociectronie  Te  traps  to  en¬ 
hance  the  radiative  efficiency  of  superlattice 
emission  at  the  technologically  important  blue 
wavelengths.  Fxciton  trapping  was  confirmed  at 
the  T'e  centres  in  the  CdS  superlattice  layers 
resulting  in  blue  emission,  although  the  emission 
was  less  persistent  with  increasing  temperature 
than  that  for  undoped  superlattices.  This  is  at¬ 
tributed  mainly  to  the  problems  of  doping  large 
impurity  ions,  such  as  Te.  into  the  thin,  highly 
strained  CdS  layers.  Future  progress  may  depend 
on  the  growth  of  ll-Vl  superlattices  with  ternary 
compounds  such  as  ZnS/ZnCdS  to  reduce  the 
interlayer  strain  whilst  still  allowing  quantum 
emission  in  the  blue/violet  region.  In  addition. 
Te  isoelectronic  traps  are  known  t<t  produce  deep 
efficient  luminescent  traps  throughout  the 
Zn,  ,Cd,S  composition  range  [12]. 
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Abstract 

Nearly  coherent  growth  of  ZnS  on  (iaP  by  using  a  ZnS  compound  as  a  source  material  of  Zn  and  S  was  achieved. 
The  strains  in  the  epilayers  were  determined  by  both  X-ray  diffraction  and  the  mciisurcmcnt  of  retlcction  and 
Raman  spectra.  The  measured  value  of  strain  in  the  2lH)  nm  thick  layers  grown  at  a  substrate  temperature  I'f  2411  C 
shows  that  the  epilayer  lattice  in  the  plane  of  the  interface  matches  the  substrate  lattice.  In  the  epilayer  of  200  nm  to 
ItlDtl  nm  thickness  grown  at  T,„,,  =  IbtTC  the  lattice  strain  is  fully  rela.ved.  It  was  observed  that  the  thickness  of  the 
epilayers  grown  at  T,^,,  =  24()°C  was  limited  to  20(1  nm. 


1.  Introduction 

Zinc  sulphide  is  a  promising  material  for  an 
optoelectronic  device  in  the  violet  and  blue  re¬ 
gion  because  of  its  wide  band  gap.  Intensive  study 
has  been  done  to  produce  ZnS  thin  films  for  light 
emitting  diodes,  laser  diodes  and  light  modula¬ 
tors.  To  obtain  a  ZnS  layer  of  high  quality  for 
optoelectronic  devices,  techniques  for  epita.vial 
growth,  such  as  molecular  beam  epitaxy  (MBb) 
[1],  mctalorganic  moIccuUir  beam  cpita.xy  (MOM- 
BK)  [2],  mctalorganic  chemical  vapor  deposition 
(MOC'VD)  [.^],  and  atomic  layer  epitaxy  (ALh) 
[4],  have  been  developed. 

In  MBE  or  MOC'VD  growth.  CiaAs.  OaP  and 
Si  arc  used  as  substrates.  The  lattice  mismatch 
between  ZnS  and  (iaP  is  0.7''^.  which  is  larger 
than  that  between  ZnSe  and  CiaAs  at  ()..4'i.  The 
general  growth  process  of  lattice-mismatched  sys¬ 
tems  has  been  well  documented.  In  the  early 


'  C  orresponding  iiiilhor. 


stages  of  growth,  the  epitaxial  layer  grows  coher¬ 
ently  to  the  substrate  with  the  clastic  strain  en¬ 
ergy  density  increasing  with  thickness.  When  the 
thickness  reaches  a  critical  thickness,  the  forma¬ 
tion  of  misfit  dislocation  begins  to  lower  the  total 
energy  of  the  system.  The  critical  thickness  is  an 
important  parameter  in  the  design  process  of  the 
devices. 

l-or  MBE  growth  of  ZnS  it  has  been  difficult 
to  control  the  S  vapor  pressure  when  solid  sul¬ 
phur  was  used  as  a  source  material,  because  of  its 
high  vapor  pressure  even  at  temperatures  of  about 
2()0“C'.  If  a  ZnS  compound  is  used  as  a  source  of 
S  and  also  Zn,  it  is  easy  to  control  the  S  vapor 
pressure.  Yoneda  et  al.  [.>]  reported  on  the  epi¬ 
taxial  growth  of  ZnS  on  CiaP  using  a  ZnS  source 
in  an  MBE  chamber,  but  they  did  not  achieve  a 
coherent  growth  of  ZnS. 

We  report  the  demonstration  of  the  coherent 
growth  of  ZnS  on  (0(11)  CiaP  at  a  substrate  tem¬ 
perature  of  24()°C'  in  an  MBE  system  using  a  ZnS 
compound  source.  We  find  that  the  thickness  of 
layers  grown  at  the  substrate  temperature  is  2t)0 
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nm  independent  of  the  growth  time.  The  tech¬ 
niques  of  X-ray  diffraction  and  the  measurement 
of  reflectance  and  Raman  spectrum  were  em¬ 
ployed  to  evaluate  the  lattice  strain  in  the  grown 
layers. 


2.  Experimental  procedure 

Zinc  sulphide  is  grown  in  an  MBE  system 
(Nissin  Mini  Bee)  equipped  with  diffusion  pump. 
The  MBE  growth  chamber  was  baked  at  2()0°C 
for  24  h  before  growth.  The  sulphur-doped  GaP 
(001)  substrate  was  etched  in  HCI:HN0,;H;0 
=  1:1:1  at  room  temperature  for  30  min,  and 
then  thermally  cleaned  at  6.30°C  for  .30  min  in  the 
growth  chamber  at  5  x  10  Torr. 

A  beam  flux  intensity  of  ZnS  was  maintained 
at  .3  X  10  '  Torr  by  controlling  the  ZnS  K-cell 
temperature  around  750'C.  A  background  pre.s- 
sure  during  the  growth  was  5  x  10  Torr.  Sam¬ 
ples  were  grown  at  substrate  temperatures  of  160. 
200  and  24(bC  and  growth  times  from  1.5  to  12  h. 
The  RHEED  patterns  were  observed  during  the 
growth.  The  thickness  of  the  grown  ZnS  layers 
was  measured  by  ellipsometry.  A  reflectance 
spectrum  and  a  Raman  spectrum  at  77  K  were 
measured  with  a  grating  monochromater  (Jobin- 
Yvon  HR640).  A  light  source  for  the  reflectance 
measurement  was  a  Xe  lamp  and  for  photolumi¬ 
nescence  a  He-Cd  (325  nm)  laser.  The  lattice 
constant  perpendicular  to  the  growth  surface  was 
measured  with  a  diffractometer  (Rigaku  Rad-C). 


3.  Results  and  discussion 

The  morphology  and  RHEED  patterns  of  epi¬ 
taxially  grown  ZnS  did  not  change  with  the  sub¬ 
strate  temperature,  but  the  growth  rate  and  the 
thickness  of  the  layer  did  change.  Grown  surfaces 
were  flat  and  mirror-like  smooth.  The  RHEED 
patterns  of  the  epilayers  grown  at  substrate  tem¬ 
peratures  in  the  range  of  160  to  24()°C  were 
streaky.  It  was  observed  in  a  preliminary'  experi¬ 
ment  that  twin  spots  or  ring  patterns  appeared 
when  the  substrate  temperature  was  lower  than 
I6()°C  or  higher  than  .3()()°C.  The  measured  thick¬ 
nesses  of  the  epilayers  and  their  growth  condi¬ 
tions  are  shown  in  table  I.  The  thickness  of  the 
layers  grown  at  =  16()°C  increase:-,  propor¬ 
tionally  with  growth  time.  The  growth  rate  is  1.2 
nm/min.  This  is  rather  slower  than  that  reported 
in  ref.  [5],  even  though  the  layers  were  grown  at 
higher  substrate  temperatures.  The  thickness  of 
the  layers  grown  at  =  24()‘’C  was  constant  and 
independent  of  the  growth  time.  The  growth  rale 
at  7'.,„h  =  240°C  within  1.5  h  of  the  beginning  of 
growth  is  supposed  to  be  the  same  as  that  at 
~  16()°C.  When  the  substrate  temperature  was 
3()()°C.  the  grown-out  layer  was  very  thin  and  we 
were  not  able  tt)  measure  the  thickness. 

The  relaxation  of  the  lattice  mismatch  in  the 
layers  has  been  determined  by  X-ray  diffraction 
(XRD)  in  conjunction  with  the  low-temperature 
reflectance  spectrum.  Eor  thin  layers  one  expects 
ZnS.  with  a  smaller  equilibrium  lattice  constant, 
to  experience  a  tetragonal  distortion  under  biax- 


I  ihlc  I 

Sunimitrs  ot  Ihc  iirowlh  conJilidns  ;iiul  (he  experimental  values  lor  the  /.nS  epilayers  as  a  lunetion  ol  ihiekness,  i/,  troni  XRI)  anrl 
reflectance  results 


Ng, 

(  ondition 

il 

(nm) 

a 

(A) 

al  77  K 

(cV) 

^  \K1) 

(  X  II)  *) 

r .  al  77  K 

(  <  10  ') 

J/-.(2) 

(nieV  ) 

:7 

24(1  f 

s  h 

21  Ih 

5..4()5 

.4.7H,4 

-  6.4 

6.5 

-  16 

24(1  (• 

4  h 

2114 

5..1h4 

.4.7S.4 

6.6 

-  6.5 

16 

:4(i  (■ 

6  h 

2(17 

5..thN 

.4.7S4 

-6.0 

-  5.9 

-  14 

.ti 

2IKI  (' 

s  h 

.425 

5..W 

.4.795 

-2.4 

0 

0 

yz 

Ihll  (■ 

s  h 

575 

5.4(14 

.t.7‘>4 

-0.8 

-0.5 

-  ! 

IW)  (' 

4  h 

.467 

5  4(14 

3.79.4 

-0.8 

-  I.l 

-  3 

M 

Ihll  (■ 

h  h 

.5')] 

5.407 

.4.706 

-0.3 

0.5 

1 

IMIC 

12  h 

1(114 

5.406 

4.705 

-  0.5 

0 

0 

41 

16(K' 

1.5  h 

17(1 

5..W 

3.795 

-2.4 

0 

0 

//.  Kanu'  ct  til.  /  Journal  of  Crystal  (innvth  IJSUWJf  1-15-1-1^ 


14’' 


ial  tensile  stress  parallel  to  the  interface.  This 
results  in  a  decrease  of  a  .  .  the  lattice  constant 
normal  to  the  interface.  The  value  of  a  is  given 
by  [6] 

"  .  =«u[l  “  (-‘'l2A'll)fl-  (!) 

where  u,,  is  the  equilibrium  lattice  constant  of 
ZnS.  C|,  and  Ci,  are  elastic  stiffness  constants 
and  e  is  the  strain  component  in  the  plane  of  the 
interface. 

The  XRD  measurement  of  a  in  the  1014  nm 

0 

thick  epilaver  yields  5.406  A.  This  agrees  fairly 
well  with  the  value  of  the  equilibrium  ZnS  lattice 
constant.  It  indicates  an  almost  complete  relax¬ 
ation  of  the  misfit  strain  in  the  thick  layer. 

The  value  of  a  for  samples  of  the  same 
thickness  of  200  nm  is  dependent  on  the  sub¬ 
strate  temperature.  The  lattice  constant  a  of 
the  200  nm  layers  grown  at  =  160'^C  is  almost 
the  same  as  that  of  the  1014  nm  layers.  The  200 
nm  epilayer  grown  at  =  240°C  yields  5. .^65  A. 
This  value  is  O.S'^r  less  than  that  of  the  layers  at 
7liih  =  lb()°C  with  the  same  thickness. 

The  value  of  e.  the  strain  component  in  the 
plane  of  the  interface,  is  caleuhitcd  using  expres¬ 
sion  ( 1 )  and  the  values  of  c,,  =0.81  x  10"'  N/m’ 
and  c,;.  =  6.27x  It)"'  N/mA^].  The  values  of  « 
and  the  calculated  value  of  e.  are  shown  in 
table  1.  The  value  of  g is  apprtrximately  0.6''r 
for  the  200  nm  thick  cpilayers  grown  at  = 
240’C;  it  is  70''r  of  the  lattice  mismatch  of  this 
system.  This  indicates  that  netirly  coherent  growth 
can  he  achieved  in  the  layers  grown  at  = 
240‘’C. 

l-ig.  1  shows  the  changes  in  the  reflection 
spectra  of  the  cpilayers  grown  at  three  different 
substrate  temperatures.  I  hc  position  of  the  dip  in 
the  reflectance  spectrum  shifts  toward  higher  en¬ 
ergy  as  lowers.  The  position  of  the  dip  be¬ 
comes  vague  for  the  layer  grown  at  =  240“C. 
The  energy  of  the  dip  position  corresponds  to 
the  energy  of  the  absorption  band  of  a  free 
exciton. 

F-or  a  zincblende-type  crystal  the  valence  band 
at  k  =  {)  consists  of  a  fourfold  P,  ,  multipicl  and 
a  twofold  P|  ,  multiplet  [8].  Under  biaxitil  stress 
the  P,  ,  multiplet  band  splits  into  two  valence 
bands,  a  heavy  hole  valence  band  noted  as  i',(J  = 


:  77K 


growth  time:  8h 


Kig.  1.  Reflection  speclrii  of  the  ZnS  cpilayers  for  dilferent 
substrate  temperatures.  The  dip  position  shifts  tmsard  lovser 
energy  as  the  substrate  temperature  rises. 


}/2.  nt,  =  ±.5/2)  and  a  light  hole  \alencc  band 
!';(/  =  .1/2.  ni,  =  ±  1  /2)  [8].  The  numerical  rela¬ 
tionship  of  the  shifts  in  the  bandgap  energies 
between  a  conduction  band  and  the  two  valence 
bands  and  e.  the  strain  component  in  the  inter¬ 
face  plane,  is  obtained  using  the  expre.ssions  in 
ref.  [8].  To  make  the  calculation,  we  set  the 
hydrostatic  deformation  potential  a=  -4.25  eV 
and  the  shear  detbrmation  potential  6=  -0.5.1 
eV  (9j.  Fhe  value  of  a  is  cilculated  using  the 
rclatirmship  in  ref.  [8]  taking  the  hydrostatic  coef¬ 
ficient  of  the  energy  gap  i'/-./('P  =  5.7  x  10  *' 
eV/Pa  [9].  The  numerical  relations  are  obtained 
as: 


J/;(  1)  =  I.S57f. 

(5 

J/;(2)  =  4.272€. 

(3 

Since  this  study  is  concerned  with  the  amount 
of  change  in  the  bandgap  energy,  we  take  J/:tl). 
the  difference  from  the  energy  of  the  reflection 
dip  of  the  thickest  epilayer.  which  is  .1.795  cV. 
The  value  of  J/;(l)  for  the  epilayer  is  shown  in 
table  I  in  terms  t)f  e”"'.  the  calculated  value  using 
eq.  (2). 

The  value  of  e”"'  is  almost  the  same  as  that  of 
^\Ro  layers  grown  at  7'^,,,,  =  24()°C,  The 

X-ray  diffraction  piilterns  and  reflectivity  spectra 
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shiiu  tiuil  llic  Lilticc  ('I  the  opila\cis  gnmii  at 

/ 2411  (■  is  elistiirted  to  niatcli  the  suhslratc 

lattiee  atid  ihnse  at  10(1  and  2(10  C  are  I'ulK  or 
liariK  relaxed. 

Ihe  eiieiitx  dil'lereiiee  in  the  split  haiuls  is 
shuun  in  the  last  eoliinin  nt  table  I.  This  ditTer- 
enee  is  |(i  nie\  lor  the  layers  prown  at 
2411  (  .  The  split  ol  the  htinils  max  eaiise  the 
shape  ot  the  dip  to  hroarlen  in  lip.  2. 

Ihe  xaliie  ot  is  sliuhtK  less  than  thiit  ol 

As  the  .\-ra\  (.liHraetion  is  meastireil  at 
loom  lemperaliire  and  Ihe  relleelanee  speetriini 
IS  nieasmed  at  7V  K.  the  ililterenee  between  the 
thermal  expansion  eoellieient  ot  the  epihiyer  .md 
Ihe  snbstrtiie  w;is  irieil  to  be  l.iken  into  aeeouni. 
The  thermal  expansion  eoellieient  ot  /.nS  is  larper 
than  that  ol  (ial*.  Wlien  the  system  is  hciitcd 
Irom  77  to  .ilHI  k.  the  tensile  strain  in  Ihe  /.nS 
einlaxer  sliotikl  decrease  by  an  amoiiltl  ol  .'.(I  ^ 
II)  '.  So.  we  eoneliide  ih.il  this  is  not  the  etise. 

Ihe  relleeleil  liphls  will  sample  ;i  very  thin 
layer  only  at  a  skin  depth  Irom  Ihe  lop  siirlaee 
On  the  other  haml,  the  .X-rays  stmiple  the  entire 
ihiekness  ol  the  epihiyer.  So.  Ihe  tact  ihiti  Ihe 


value  ot  t"'”  is  less  than  f  jndieale  the 

relaxation  of  the  lattice  constant  towards  its  equi¬ 
librium  value  near  the  top  surtace  (lOj. 

l  ip,  2  shows  the  Ram;in  spectrum  at  7"  K  m 
the  repion  near  the  band  pap.  I  hree  peaks  at 
.1.77S.  .4.770.  and  .4.72b  eV  ;ire  Raman  scattered 
lines  of  the  42.4  nm  lasinp  line  of  ;i  He-C  d  laser 
|ll.l2j.  The  .4.771)  eV  peak  is  assipned  to  a  line 
setiltcred  by  ;i  lonpitudinal  optietil  phonon  of 
ZnS.  The  peak  position  shifts  towards  hipher 
enerpy  as  rises.  I'he  shift  of  1.0  phonon 

frequency  is  explained  in  terms  of  the  frequency 
dependence  on  the  lattice  stixiin  [10].  I'Ik  rela¬ 
tion  predicts  the  red  shift  in  the  frequency  for 
tensile  strain. 

I'inally  we  discuss  Ihe  reduction  in  the  prowih 
rate  of  the  epilayers  proven  at  /„,,,  -  240 C.  In 
order  to  realize  coherent  growth,  it  is  neeessarx 
for  the  molecule  to  have  ade.,aale  thermal  energy 
to  migrate  on  the  lop  surface,  locate  at  a  qua¬ 
sistable  site  and  then  make  a  bond  there.  With 
increasing  substrate  temperatures,  the  lile  time  I'f 
the  impinging  molecule  becomes  shorter  and  the 
sticking  eoeffieieni  of  a  molecule  in  the  meident 
beam  becomes  smaller.  I'he  rale  ol  re-evapora- 
tion  and  slicking  of  /.nS  balances  to  result  in  a 
reduction  of  the  growth  rale  lo  zero  with  a  rise  of 
the  substrate  temperature.  .At  the  lop  surtace  of 
the  substrate,  an  exolhermie  reaction  for  the 
growth  of  /nS  from  the  vapor  occurs.  .As  the 
thermal  eomiuetiviiy  of  /.n.S  is  three  times  less 
than  that  of  (iai’.  the  temperature  at  the  top 
surface  of  the  grown  layer  rises  higher  than  that 
at  the  start  of  prowih  with  an  increase  m  the  ZnS 
layer  ihiekness.  We  think  that  when  the  thickness 
reaches  21)1)  nm.  Ihe  temperature  rises  to  the 
erilieal  value  anil  the  growth  rate  reduces  to  zero. 


5.  Conclusions 

It  w.!s  demonsiraletl  Ihal  /nS  layers  grow  epi¬ 
taxially  on  (iaP  tool)  substrate  by  using  Z.nS 
compound  ;is  a  source  material  for  Zn  and  S.  W  e 
show  that  Ihe  Z.nS  epilayer  lattice  in  Ihe  plane  ol 
Ihe  interlace  is  deformed  to  match  the  substrate 
lattice  when  the  layer  is  pnwvn  at  a  substrate 
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temperature  of  24()°C.  The  results  were  studied 
by  X-ray  diffraetion  and  the  measurement  of 
refleetion  speetra  ;ind  Raman  shift. 

The  critical  thickness  of  ZnS  layers  was  ob¬ 
served  to  vary  with  the  substrate  temperature.  It 
is  thinner  than  200  nm  for  layers  grown  at  = 
240°C  and  much  thinner  than  200  nm  for  layers 
grown  at  7.^,,,,  =  I60°C.  It  was  also  ttbseivcd  that 
the  thickness  of  the  layers  grown  at  24(bC'  is 
limited  to  200  nm.  Additional  experimental  and 
theoretical  work  is  needed  in  determining  the 
limitation  of  thickness. 
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Abstract 

The  relaxation  of  the  misnialch-iniluced  strain  in  (IIIM)I)  wurt/ite  type  epilayers  ('I  C'JSe  ami  C'llS  and  ol  rehited 
Miperhittiees  on  CiaAst  1 1 1 )  is  discussed.  For  C'dSe,/  CiaAst  III),  high-resolution  electron  microscopy  shows  that  the 
misl'it  disloeations  are  6(1'  dislocations,  the  glide  of  which  is  limited  to  the  phine  ptirtillel  to  the  interlace.  The 
epiliiyers  are  therefore  free  of  in-grown  threading  arms.  The  thickness  of  thtii  region  in  the  hiyer.  which  is 
significiintly  strtiined.  is  found  to  be  larger  in  case  of  a  two-dimensional  growth  mode  th;m  in  case  ol  ti 
three-dimensional  one. 


I.  Introduction 

In  this  article  the  relief  of  mismateh-indueed 
strain  in  ll-Vl  epitaxial  layers  with  the  wiurt/.ite 
type  crystal  structure  is  studied.  The  orienttition 
of  the  primary  glide  planes  relative  to  the  inter¬ 
face  is  found  to  have  signifietint  inlluenec  r>n  the 
dislocation  structure  induced  by  lattice  mismatch. 
In  (001)  zinc-blende  type  epilayers.  which  are 
commonly  used,  the  four  (111)  glide  phincs  alkrw 
misfit  segment  formation  by  glide  of  existing  dis¬ 
locations  or  surface  nucleated  half  loops.  Fhe 
line  ends  of  the  half  loops  c.xtend  into  the  grow¬ 
ing  hiycr  and  form  the  well-known  network  of 
threading  arms  [1],  which  degrade  the  electrical 


■  (  orrcsptuuling  .♦iithor 


and  optical  epihiycr  properties.  The  dislocation 
density  in  the  active  layer  of  ZnCdSe/ZiiSc  based 
(iRlNSCU  single  qutmlum  well  laser  diodes,  for 
instance,  can  exceed  I  x  HI  em  “  because  r>f 
these  in-grown  threading  tirms  [2].  I'hey  origintite 
in  these  devices  mainly  from  misfit  dislocations  ;it 
the  btirrier-cladding  ititerfacc. 

Here  we  repirrl  ;i  study  of  ((lOOl )  wurtzite  type 
ll-Vl  epitaxial  hiyers  by  high-resolution  electron 
microscopy  (HRTM)  ;md  by  renecti\e  high-en¬ 
ergy  electron  diffraction  (RHHHD).  The  cmly  pri¬ 
mary  glide  plane  in  these  structures  is  situtited 
parallel  to  the  interftice.  We  show  that  the  forma¬ 
tion  of  threading  arms  is  then  eliminated  com¬ 
pletely.  I'he  structures  studied  are  CdSe  and  C'dS 
layers  and  CdSc/C'dS  supcriatticcs  grown  on 
CiaAsdII).  which  arc  highly  mismatched.  The 
(111)  substrate  orientation  provides  the  required 
((MHII)  layer  orientation. 


IKC^  II^tH/ua/yny  tKI  .  pwa  I  lMviir  ScPime  H.V  All  righls  rewisc.l 
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2.  Experiment 

The  wurtzite  type  epitaxial  layers  were  grown 
by  hot-wall  epitaxy  and  hot-wall  beam  epitaxy  on 
(TTT)B  GaAs  [3],  The  substrates  were  etched  in 
the  standard  manner  and  deoxidized  in  a  hydro¬ 
gen  atmosphere.  CdSe  and  CdS  were  evaporated 
from  two  parallel  effusion  cells  and  the  substrate 
was  moved  to  each  of  the  desired  cells.  CdSe 
layers  were  grown  at  47()°C  without  a  spacing 
between  the  substrate  and  the  effusion  cell,  which 
is  the  usual  hot-wall  epitaxy  (HWE).  CdS  layers 
and  CdSe/CdS  superlattices  were  grown  at  430°C 
with  a  spacing  of  10  mm,  which  is  called  hot-wall 
beam  epitaxy  (HWBE)  [4],  In-situ  RHEED  was 
carried  out  at  the  CdS  growth  position  in  the 
HWBE  mode.  The  CdSe /CdS  strained  layer  su¬ 
perlattices  (SLSs)  were  grown  on  thick  CdS  buffer 
layers  and  consist  of  30  symmetric  periods  capped 
with  thin  CdS  layers.  Growth  of  CdSe /CdS  SLSs 
by  melalorganic  chemical  vapour  deposition  has 
already  been  reported  by  Hal.sall  et  al.  [,3]. 

HREM  was  performed  using  a  Philips  CM  .30 
microscope  operated  at  300  kV.  The  point  resolu¬ 
tion  was  0.23  nm.  Cross-sectional  samples  were 
prepared  in  a  conventional  manner  using  a  two- 
side  argon  ion  milling  process  at  liquid  nitrogen 
temperature  for  fin;d  thinning. 


3.  Results 

.11.  URIM 

An  example  of  single-betim  bright  field  imag¬ 
ing  of  the  CdSe/CiaAst  III)  interface  is  shown  in 
Fig.  I .  The  photograph  reveals  only  a  few  planar 
defects,  but  no  further  dislocations  in  the  layer. 
The  selected  areti  diffraction  pattern  shows  a 
nearly  unstrained  wurtzite  type  cpilayer.  Multi¬ 
beam  lattice  images  show  a  few  stacking  faults 
within  the  wurtzite  type  layer  (Fig.  2a).  Misfit 
dislocations  were  recognized  by  Fourier  filtering 
of  selected  atomic  netplanes  in  the  high-resolu- 
tion  image  (Fig.  2b).  Oisloctitions  are  found  within 
the  first  few'  CdSe  bihiyers  at  an  averaged  dis¬ 
tance  of  5.11  ±0.13  nm  in  the  (I12><;.,\,  direc¬ 
tion.  The  ohserxed  dislocation  distance  corre- 


I-'ig.  I.  (a)  Cross-sectional  single-beam  bright  field  TEM  mi¬ 
crograph  of  a  CdSe/CiaAst  1 1 1 )  interface.  Horizontal  lines  in 
the  undamaged  layer  region  are  attributed  to  planar  defects, 
(b)  MT2tl>i  ,is,' IF  lllC(;.i.\,  selected  area  diffraction  pattern 
with  the  ttltXI)  renection  marked. 


sponds  to  a  relief  of  '^5  ±  I'r  of  the  strain,  which 
is  induced  by  the  mismatch  of  -6.0G  at  the 
growth  temperature.  The  Burgers  vectors  of  the 
misfit  dislocations  were  determined  from  Burgers 
circitits.  Fig.  3  shows  a  circuit  around  a  disloca¬ 
tion.  Fhe  Burgers  vector  is  parallel  to  the  inter¬ 
face  plane  with  magnitude  sr/,;  ,  llo).  It  be¬ 
longs  to  a  full  or  possibly  dissociated  WF  disloca¬ 
tion.  the  glide  of  which  is  limited  to  the  (0(1(11) 
plane.  This  limitation  of  the  glide  motiirn  parallel 
to  the  interface  rules  out  the  formation  of  thread¬ 
ing  arms,  which  produces  a  CdSe  epilayer  nearly 
free  from  in-grown  dislocations. 

For  CdS  epilayers  unfortunately  low  resolution 
single-beam  images  were  not  taken,  but  the  ab¬ 
sence  of  threading  arms  is  simihirly  probable  in 
this  system.  Multi-beam  hittice  images  of  the 
CdS/GaAs(  1 1 1 )  interface  show  an  interface  re¬ 
gion  of  ahout  S  nm  width  with  ;i  high  stacking 
fault  density.  Misfit  dislociitions  are  spread  within 


\t.  (thin  rt  III.  JtHirmil  of  Cnsial  (innvih  }>l)-lf<4 


The  HWBh  gnwn  CdS  layers  always  show 
streaky  RHEED  patterns.  The  associated  quasi- 
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I  iii.  4.  Set  of  Rf  llir. I)  patterns  durinii  gnmth  ol  a  4  -4  nm  (  JSc  COS  supcrlalticc  nn  a  7tH)  nm  C'dS  butter  )a\er  on  ( iaAst  I !  1 ):  ta ) 
<  \IS  butter  layer;  tb)  4th  SLS  perioO:  (c)  "^th  Sl.S  period;  (d)  I5lh  SI.S  period:  (e)  20lh  S!.S  period. 


jiradually  changes  into  a  spotty  pattern  within  the 
next  10  periods  (Figs.  4d  and  4e).  Fhc  spotty 
pattern  then  remains  unchanged  during  growth  ol 
the  remaining  SI.S.  It  reveals  some  cubic  twin¬ 
ning.  During  cap  hiyer  growth  the  streaky  pattern 
is  restored.  I'he  growth  mode  transition  from 
i.juasi-2D  to  3D  is  related  to  the  relaxation  of  the 
initially  pseudomorphie  SI.S. 


4.  Di.seussinn 

rite  staeking  fault  region  at  the  ('dS/(iaAs 
(III)  interface  observed  in  HRbM  and  RHbFiD 
is  ascribed  to  the  presence  of  compressive  strain. 
(  ompressive  strain  larger  than  about  \'i  should 
cause  a  loss  of  stability  of  the  bulk-stable  phase  in 
layer  growth  via  an  increase  of  the  actual  bond 
length  ratio  of  vertical  to  in-plane  bonds  over  the 


corresponding  ratio  of  the  metastable  phase  fbj. 
Fhe  observed  staeking  faults  are  assumed  to  be 
due  to  this  effect  or  possibly  due  to  staeking  fault 
b;mds  of  strain  relieving  Shockley  partials.  I'his 
assumption  tdlows  a  consistent  interpretation  of 
our  HRF;M  and  RFIhKD  results:  the  mismateh- 
indueed  strain  in  (0001)  wurt/ite  type  layers  is 
relieved  by  full  or  dissoeitited  (i0  disloeations.  the 
nueletition  of  which  does  not  take  plaee  via  a 
half-Uurp  mechanism  and  is  hampered  by  a  2D 
growth  mode  ;md  facilitated  by  a  3D  growth 
mode. 

rhe  3D  growth  of  C'dSe/CiaAs(  III)  results  in 
an  efficient  stritin  relief  netir  the  interface  and 
subsequent  growth  with  low  staeking  fault  den¬ 
sity.  The  2D  growth  of  ('dS/CiaAs(  1 1 1 )  and  the 
SI..Ss  causes  strained  hiyer  regions  of  noticeable 
thickness.  The  observed  ■■eritie;il  thickness"  refer¬ 
ring  here  to  the  thickness  of  a  significantly 
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strained  region  is  about  8  nm  for  CdS/GaAs(  111) 
with  -3.Kf  mismatch  as  deduced  from  HRHM. 
For  the  CdSc /CdS  SLS  the  onset  of  a  3D  growith 
mode  above  50  nm  total  superlattice  thickness 
allows  formation  of  misfit  dislocations,  which 
shifts  the  SLS  in-plane  lattice  constant  from  that 
of  the  buffer  layer  to  that  of  the  free-standing 
SLS  [7],  The  RHEED  deduced  value  of  50  nm 
represents  therefore  roughly  a  "critical  thickne.ss" 
of  the  SLS  as  a  whole,  which  has  a  -  LO'T 
mismatch  to  the  CdS  buffer  layer.  Possibly,  the 
free-standing  part  is  relaxed  to  a  certain  extent 
due  to  its  3D  growth  mode  and  only  the  pseudo- 
morphic  part  is  coherent.  The  cubic  twinning  in 
the  SLS  most  likely  originates  from  the  compres- 
sively  strained  CdSe  layers. 

From  photttluminescencc  measurement.s,  a 
"critical  thickness”  value  of  about  5  nm  for  the 
individual  CdSe  and  CdS  layers  within  the  SLS  is 
estimated  (  -  3.8''f  mismatch  in  the  pseudomor- 
phic  case).  A  detailed  discussion  of  this  result  is 
beyond  this  article.  We  state  here  only  that  the 
energy  of  the  luminescent  electron-hole  transi¬ 
tion  in  t  ie  coherently  strained  SLSs  depends 
linearly  on  the  period  length  due  to  strain-in¬ 
duced  pie/o-elcctric  fields  [3.  5].  Strain  relaxation 
is  thus  indicated  by  a  deviation  from  this  linear 
period  length  dependence. 

The  observed  "critical  thickness"  values  are  a 
fact<)r  of  3  to  5  above  the  Matthews-Blakeslee 
critical  thickness  calculated  for  a  (111)  oriented 
/inc-blen  e  type  epilayer  and  WF  dislocations  [I]. 
We  belie\e  that  the  delayed  strain  relaxation  is 
caused  m.iinly  by  the  loss  of  the  half-loop  nucle- 
ation  me'  hanism  in  the  ((1(1(11 )  wurtzite  structure. 
Nucleatii'ii  of  the  observed  (i()“  disUK'ations  most 
probably  requires  at  least  a  bilayer  surface  step, 
the  densi  y  of  which  is  low  on  sm(K)th  2D  sur¬ 
faces. 

The  details  of  the  nucleation  mechanism  are 
still  an  open  question.  In  case  of  3D  growth,  the 
base  edges  of  small  islands  are  likely  to  serve  as 
nucleation  sites,  as  considered  by  Snyder  et  al.  (8j 
for  InGaAs/GaAsdlOl)  and  by  Horn-von  Hoegen 
et  al.  C)]  for  Gc/Si(lll).  The  latter  authors  re¬ 
ported  also  misfit  dislocations  with  Burgers  vec¬ 
tors  parallel  to  the  interface.  Rosenauer  el  al. 
[lO]  recently  found  strain  relief  by  only  this  type 


of  dislocations  in  cubic  ZnTe  grown  on 
GaAs(lll).  These  two  results  show  that  the  sup- 
prcs.sion  of  threading  arm  formation  in  mis¬ 
matched  epitaxy  is  also  possible  in  zincblende 
type  epilayers,  provided  that  a  (111)  interface  is 
used  and  that  only  misfit  dislocations  are  gener¬ 
ated  with  glide  planes  parallel  to  the  interface. 

5.  Conclusions 

Wurtzite  type  epilayers  of  CdSe  and  CdS  in 
((K)()l)  orientation  show  no  extension  of  mis¬ 
match-induced  dislocations  into  the  epilayer  vol¬ 
ume.  The  misfit  dislocations  in  CdSe/GaAs(  111) 
are  full  or  dissociated  60°  dislocations,  the  glide 
motion  of  which  is  limited  to  the  interfacial  OKIOl ) 
plane.  Threading  arms  arc  therefore  not  formed. 
RHEED  data  of  CdSe  and  CdS  layers  and  of 
CdSe/CdS  superlattices  give  evidence  that  the 
strain  relief  is  speeded  up  by  a  3D  growth  mode. 
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Abstract 

Wo  have  grown  the  icrnars  alloy  Cd,  ,Mg,To  as  well  as  C'd,  ,Mg,To/C'dTo  guanlum  well  slruetures  b> 
molecular  beam  epitaxy  -  to  our  knowledge  for  the  first  time.  Cd,  ,  Mg,Te  exhibits  some  very  interesting  features: 
The  band  gap  has  been  determined  as  a  function  of  Mg  concentration,  and  a  band  gap  of  .TO  e\'  was  found  for 
/incblende  MgTe  at  room  temperature.  Cd,  ,Mg,Te  thin  films  with  Mg  concentrations  of  up  to  0.''5  were 
fabricated,  which  corresponds  to  a  band  gap  of  2.S  eV  at  low  temperatures.  Therefore,  the  whole  visible  band  gap 
range  (at  room  temperature)  can  be  covered  with  Mg  concentrations  between  (I..T)  (red)  and  ().7.s  (blue).  Bulk  MgTe 
crystallizes  in  the  wurtzite  structure,  but  zincblende  MgTe  could  be  grown  on  ( 100)  oriented  CdTe  substrates  up  to  a 
layer  thickness  of  approximately  .^OO  nm.  The  lattice  mismatch  between  zincblende  MgTe  and  CdTe  was  found  to  be 
as  small  as  l.(l''C  The  growth  of  cubic  MgTe  could  be  folktwed  by  rellection  high  energy  electron  diffraction 
(RHF.ED)  oscillations.  In  general,  excellent  structural  guality  could  be  reached,  which  is  demonstrated  by  the 
FWHM  of  22  arc  sec  for  a  Cd,  ,Mg,Tc  thin  film  with  0.44  Mg  concentration  on  a  Cd,  ,Zn,Te  nearly  lattice 
matched  substrate.  The  Poisson  number  of  Cd,  ,Mg,Tc  has  been  determined  by  \-ray  diffraction  as  a  function  of 
Mg  concentration.  Cd,  ,Mg,Tc/CdTe  single  quantum  well  structures  have  been  fabricated  with  a  large  confine¬ 
ment  energy  of  up  to  O.S  eV.  The  photoluminescence  spectra  show  cxciton  lines  with  very  narrow  linewidths.  We  arc- 
able  to  observe  excited  exciton  states,  and  from  the  energetic  difference  between  Is  and  2s  heavy  hole  cxciton  lines 
we  deduce  exciton  binding  energies.  Very  bright  luminescence  could  be  seen  even  at  room  temperature,  which  is  an 
indication  of  a  large  exciton  binding  energy  and  an  effective  radiative  recombination. 


I.  Introduction 

CdTe  itself  exhibits  a  lot  of  interesting  fea¬ 
tures:  a  band  gap  in  the  middle  of  the  solar 
spectrum,  a  high  atomic  weight  for  X-ray  detec¬ 
tion,  and  an  electro-optic  coefficient,  which  is  a 


*  (  orrcsponiling  iiuthdr. 


factor  of  4  higher  than  in  GaAs.  In  addition. 
CdTe  is  the  base  material  for  the  related  ternary 
alloys  HgCdTe  and  Cd,  ,Mn,Te.  HgCdTc  is  an 
important  infrared  detector  material,  and 
Cd,  ,Mn,Te  as  a  dilute  semiconductor  exhibits 
unique  features  like,  e.g,.  a  giant  Faraday  rota¬ 
tion  and  magnetic  polaron  formation. 

Cd,  ,Mn,Te  as  well  as  Cd,  ,Zn,Te  have 
been  intensively  studied  in  the  past  as  barrier 
materials  for  CdTe  based  quantum  well  struc- 
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tures  [1.2],  In  principle.  Cd,  ,Mn,Tc  is  suited 
fur  light  emitting  devices  in  the  whole  visible 
region:  MnTe  is  a  wide  gap  semieonductor  with  a 
band  gap  of  .^.2  eV,  and  recently  an  eleetron 
pumped  C'd,  ,Mn,Te/CdTe  quantum  well  laser 
emitting  in  the  red  was  fabricated  [.f].  However, 
on  the  one  hand  the  intra-.^d  transition  of  the  Mn 
ions  limits  the  recombination  energy  in  bulk 
C'd  I  ,  Mn  ,Te.  On  the  other  hand,  the  lattice  mis¬ 
match  to  CdTe  is  relatively  high  {23''}).  leading 
to  a  small  critical  layer  thickness  or  a  high  dislo¬ 
cation  density.  This  is  especially  relevant  for 
higher  manganese  contents.  The  band  gap  of 
ZnTe  is  only  2..1  eV  at  room  temperature,  and 
therefore  it  is  not  possible  to  reach  the  entire 
visible  range  with  this  material.  In  addition,  a 
large  lattice  mismatch  of  occurs  between 

CdTe  and  Zn  I'e.  Therefore  we  have  searched  for 
an  alternative  material  with  a  better  lattice 
matching  to  Cd  I'e.  which  in  a  ternary  alloy  with 
Cd  Te  would  cover  the  entire  visible  region  of  the 
spectrum. 

Cd  I  ,  Mg  /I'e  is  such  an  alternative  ternary 
allo\.  Recently,  we  have  demonstrated  the  first 
C  d  I  ,  Mg ,  I'e  thin  film  growth  by  molecular  beam 
cpitttxy  (MBE!)  [4],  In  this  contribution  we  report 
on  the  opticiil  and  structural  properties  of 
Cd,  ,Mg,rc  thin  films  as  well  as  on  Cd,  ,Mg, 
I'e  Cd  Te  quantum  well  structures.  This  is  to  our 
knowledge  the  first  time  that  Cd,  ,Mg,Te/Cdre 
qutintum  well  structures  htive  been  grown  by  any¬ 
thin  film  technique. 


2.  tlxperimenlal  procedure 

The  MBli  growth  procedure  has  been  de¬ 
scribed  in  detail  elsewhere  [4].  The  thin  films 
were  grown  on  (l(l(l)Cdre  and  (KKDCd,  ,Zn,Te 
substrates.  The  Cd,  ,Mg,Te  structures  were 
grown  at  a  substrate  temperature  of  2.‘>I)°C. 
Rellection  high  energy  electron  diffraction 
(RMI-iCD)  was  used  to  monitor  the  MBh  growth 
in  situ.  The  lattice  constant  as  well  as  the  strain 
in  the  layers  was  determined  using  a  five/six 
crystal  X-ray  diffractometer.  The  optical  pn)per- 
ties  of  the  structures  were  investigated  using  pho- 
toluniinescence  (PL)  and  photoluminescence  ex¬ 


citation  (PLH)  spectroscopy  at  temperatures  rang¬ 
ing  from  1.7  K  up  to  room  temperature.  An  argon 
ion  laser  (476  nm  or  514  nm)  or  a  dye  laser 
(DCM.  Pyridin)  was  used  for  the  PL  and  PLL 
measurements,  respectively. 


3.  Results  and  discussion 

The  bulk  properties  of  the  ternary  alloys 
Cd|  ,Mg,Te  and  Zn,_,Mg,Te  have  been  stud¬ 
ied  in  the  past  by  different  groups  [5-15]. 

There  have  been  some  discrepancies  in  the 
literature  concerning  the  band  gap  and  lattice 
constant  of  Cd,  jMg,Te.  We  therefore  deter¬ 
mined  both  band  gap  and  lattice  constant  as  a 
function  of  Mg  concentration.  For  this  the  Mg 
concentration  has  been  calibrated  via  X-ray  pho¬ 
toelectron  spectroscopy  (XPS).  and  the  band  gap 
and  lattice  constant  have  been  determined  by  PL 
and  X-ray  diffraction  (XRD).  The  PL  excitonic 
recombination  energies  were  directly  used  for  the 
band  gap  determination,  no  correction  for  e.xci- 
tonic  localization  energies  has  been  applied.  The 
errors  inferred  with  this  are  small  compared  to 
the  error  of  the  determination  of  the  Mg  concen¬ 
trations  via  XPS,  which  is  estimated  to  be  about 
l()''7-2()''r.  The  XPS  measurements  were  per¬ 
formed  in  a  surface  analysis  chamber  which  was 
directly  connected  to  the  MBH  grttwth  chamber 
by  a  UHV  transfer  tunnel.  Therefore  any  surface 
contamination  could  be  minimized.  Mg  Is  and  C'd 
3d^  ,  peaks  with  sensitivity  factors  of  .3.65  and 
2.55.  respectively,  have  been  used  for  the  analysis 
[17]. 

I'he  results  of  such  measurements  are  shown 
in  Fig.  1.  where  the  energy  of  the  hand  gap  is 
plotted  versus  the  lattice  constant  for  the  ternary 
alloy  Cd,  ,Mg,Te.  We  find  a  room  temperature 
band  gap  for  the  zincblende  MgTe  of  3.0  eV.  and 
a  lattice  constant  which  is  only  L()''r  smaller  than 
that  of  CdTe  («|^p,^.(cubic)  =  6.417  A). 

These  results  could  be  very  interesting  in  terms 
of  visible  light  emitting  devices  based  on 
Cd  I  ,  Mg  ,1'e.  The  band  gap  of  C'd ,  ,  Mg  ,'re  can 
be  tuned  through  the  whole  visible  range  by  vary¬ 
ing  the  Mg  concentration  from  ,30'"f  up  to  75C. 
In  the  same  range  the  lattice  constant  changes  by 
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only  If  a  suitable  substrate  is  used,  whieh 

is  lattice  matched  to  Cd,  ,Mg,Te  with  a  Mg 
concentration  of  about  0.50,  then  a  lattice  mis¬ 
match  to  the  substrate  of  only  0.255'f  occurs  if  the 
band  gap  is  tuned  through  the  whole  visible  range. 
Cd|  ,Zn,Te  substrates  with  a  Zn  content  of 
about  0.(W  would  fulfil  these  requirements,  and  in 
addition  such  substrates  arc  eommercially  avail¬ 
able. 

The  high  structural  quality  of  Cd,  ,Mg,Te 
thin  films  grown  on  nearly  lattice  matched 
Cd|  „,Zn,Te  substrates  is  demonstrated  in  Fig.  2. 
Here  rocking  curves  of  the  (004)  reflection  are 
plotted  for  Cd|^,Mg,Te  thin  films  with  three 
different  Mg  concentrations:  .Vn,j,  =  0. 10  corre¬ 
sponds  to  a  band  gap  of  1.65  eV,  =  0.40 
corresponds  to  a  band  gap  of  2.1  eV,  and  = 
0.6.'?  corresponds  to  a  band  gap  of  2.45  eV.  The 
film  thickness  was  only  500  nm,  and  therefore  the 
intensity  of  the  layer  peak  is  relatively  small.  The 
lattice  constant  of  the  thin  film  with  the  lowest 
Mg  concentration  of  .Vn,,^  =  ().10  is  larger  than 


Fig.  I.  Hand  sap  of  cubic  Cd,  .Ms.Fc  as  a  lunclixn  i>l  ils 
latlicc  conslani  The  i-valucs  liir  some  at  (he  thin  films  were 
calibrated  by  X-ray  photiieleetroii  spectroseiipy.  The  band  gap 
can  be  tuned  through  the  whole  visible  range  with  Mg  concen¬ 
trations  varying  from  Il  .td  to  M  7S,  In  this  range  the  lattice- 
constant  changes  by  only  l).4s'/ . 
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Fig.  2.  Rocking  curves  from  \-ra>  diflraclion  for  three 
Cd,  ,Mg,Tc  layers  with  varying  Mg  eoncenlration  on 
Cd,  ,7.n,Te'  substrates,  the  hand  gap  is  varied  through  the 
whole  visible  range,  and  the  lattice  mismatch  to  the  substrate- 
still  slays  small.  The  FWMM  of  the  substrate  rellection  is 
around  2l)  arc  sec.  whereas  the  FWHM  of  the  ('d,  ,Mg,Te 
layer  depends  on  the  iailice  mismatch  to  the  substrate.  For 
small  Mg  concentrations  the  lattice  constant  of  the-  layer  is 
larger  than  the-  one  of  the  substrate,  l  or  higher  Mg  concen¬ 
trations  the-  situation  is  vice  versa. 


that  of  the  substrate,  whereas  the  lattice  eonstant 
of  the  thin  film  with  the  highest  Mg  concentra¬ 
tion  of  .Vmp  =  0.6.5  is  smaller  than  that  of  the 
substrate.  For  all  Mg  coneentrations  shown  the 
structural  quality  is  very  good,  whieh  is  indieated 
by  the  small  full  width  at  half  maximum  (F-'WHM) 
of  the  layer  peaks.  Rocking  curves  with  a  FWHM 
of  the  ((K)4)  refleetion  of  as  U)w  as  22  are  sec  for  a 
('d,  ,Mg,  re  layer  with  a  Mg  concentratiim  of 
0.44  on  a  Cd,  ,Zn,'l'e  substrate  eould  be  i>b- 
tained. 

The  strain  in  the  layers  has  been  investigated 
by  reciprocal  space  mapping  of  asymmetric  X-ray 
reflections.  From  this  a  strain  parameter  y  was 
deduced,  which  reflects  the  degree  of  relaxation 
of  the  layers,  y  =  I  corresponds  to  a  fully  strained 
layer,  whereas  y  =  0  corresponds  to  a  fully  re¬ 
laxed  layer  [4].  For  the  three  layers  of  Fig.  1.  y 
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Table  I 


Poisson  number  ot  (  d,  ^  ^1g^Te  as  a  lunetion  of  Mg  concen¬ 
tration:  the  value  for  C\iTe  is  taken  from  ref.  lll|;  is  the 
lattice  constant  for  the  relaxed  material 
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turned  out  to  be  one.  Nevertheless,  a  better  lat¬ 
tice  matching  results  in  a  smaller  FWHM  of  the 
rocking  curve,  as  can  be  seen  from  the  figure. 

From  the  XRD  determination  of  the  lateral 
and  perpendicular  lattice  spacings  of  strained 
Cd|  ,Mg,Te  layers,  the  Poisson  number  could 
be  derived.  For  this,  layers  on  CdTc  and 
Cd,  ,Zn,Tc  substrates  with  varying  degree  of 
rela.xation  were  investigated.  In  Table  I  the  Pois¬ 
son  numbers  derived  are  given  for  Cd,.. ,Mg,Te 
thin  films  with  different  Mg  concentration.  As 
can  be  seen  from  the  table,  the  Poisson  number  is 
only  very  slightly  decreasing  with  increasing  Mg 
concentration.  This  result  is  important  for  the 
determination  of  Cd|.,Mg,Te  lattice  constants 
via  XRD.  beacause  the  Poisson  number  of  CdTe 
had  been  used  for  the  calculation  of  the  rela.xed 
lattice  constant.  Table  I  shows  that  this  simplifi¬ 
cation  made  for  the  data  points  shown  in  Fig.  I 
introduces  a  negligible  error. 

In  bulk  Cd|  ,  Mg,Te.  a  zincblende-to-wurtzite 
transition  occurs  for  Mg  concentrations  above 
0.50  [12].  We  did  not  find  such  a  behaviour  for 
Cd|  ,Mg,Tc  thin  films  grown  on  zincblende 
CdTe  or  Cd,  ,Zn,Tc  substrates,  with  film  thick¬ 
nesses  ranging  up  to  2  /am  and  Mg  concentration 
below  0.75.  In  addition,  for  Mg  concentrations 
above  0.50.  bulk  Cd,  ,Mg,Te  gets  very  hygro¬ 
scopic  [Oj.  Chemical  reaction  with  water  produces 
.MgO  and  H.Te.  which  decompttses  immediately, 
leading  to  a  black  Te  deposit.  In  contrast  to  this, 
we  were  able  to  produce  Cd,  ,Mg,Tc  thin  films 
with  Mg  concentrations  of  up  to  0.75,  which  did 
not  show  a  visible  deterioration  of  the  surface,  as 
is  the  case  for  pure  MgTe.  MgTe  immediately 
reacts  in  air.  the  thin  film  is  destroyed,  and  a 
black  residue  is  easily  visible.  No  surface  passiva¬ 
tion  was  used  in  our  case.  The  Mg  concentration 


of  0.75  corresponds  to  a  band  gap  of  2.6.1  eV  at 
room  temperature  and  a  wavelength  of  472  nm. 
which  is  high  enough  for  the  emission  of  blue 
light.  Therefore  the  instability  of  highly  Mg  rich 
bulk  Cd|  ,Mg,Tc  ternary  alloys  does  not  seem 
to  be  a  limiting  factor  for  the  tunability  of  the 
band  gap  through  the  whole  visible  region  of  the 
spectrum  in  Cd,  ,Mg,Te  thin  films. 

If  one  wants  to  fabricate  CdTe-based  quantum 
well  structures,  the  small  lattice  mismatch  be¬ 
tween  CdTe  and  MgTe  (1.0'"z)  is  advantageous 
compared  to  (CdZn)Te  and  (CdMn)Te,  which  are 
in  general  used  as  barrier  materials.  We  have 
grown  -  to  our  knowledge  for  the  first  time  - 
Cd|  ,,Mg,Te/CdTe  quantum  well  structures.  A 
typical  sample  consists  of  a  Cd,,  , Mg,Te  buffer 
on  a  (100)  Cd,  ,Zn,Te  substrate,  followed  by  a 
series  of  quantum  wells,  which  are  separated  by 
50  nm  thick  Cd,.  ,Mg,Te  barriers. 

An  efficient  electron-hole  confinement  is  im¬ 
portant  for  a  possible  usage  of  Cd,  ,Mg,Te/ 
CdTe  quantum  well  structures  in  optoelectronic 
devices.  We  have  investigated  confinement  ef¬ 
fects  in  such  quantum  well  structures,  and  from 
the  heavy  hole-light  hole  splittings  for  different 
quantum  well  widths,  a  valence  band  offset  of 
0..10  of  the  band  gap  difference  between 
Cd,.. ,Mg,re  and  CdTc  could  be  derived  [18].  In 
combination  with  a  large  difference  in  the  band 
gaps  obtainable,  this  ensures  a  gixtd  electron  as 
well  as  hole  confinement. 

Fig.  ,1  shows  a  PL  spectrum  for  a  set  of  quan¬ 
tum  wells  with  a  well  thickness  between  2.1  and 
1 1  nm.  at  a  temperature  of  1.7  K.  .At  this  temper¬ 
ature  sharp  excitonic  transitions  can  be  observed. 
The  FWHM  of  thin  quantum  wells  at  low  tem¬ 
perature  originate  from  monolayer  lluctuations  of 
the  well  widths.  In  our  case,  the  FWHM  is  in 
general  smaller  than  what  one  would  expect  from 
one  monolayer  fluctuation  (.1.2  A  for  CdTe).  This 
is  an  indication  that  the  interfaces  are  rough  with 
lateral  islands  on  the  order  of  the  exciton  Bohr 
radius  [19].  For  smaller  quantum  well  widths,  the 
F-'WHM  increases  as  expected,  because  then  the 
well  width  fluctuations  have  a  larger  effect  on  the 
subband  energies. 

The  same  quantum  well  structure  as  in  Fig.  .1 
shows  efficient  PL  even  at  room  temperature;  the 
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Fig.  3  Phoiolumincsccnce  specinim  of  a  series  of 
Cd]  ,Mg,Te/CdTc  quanluni  wells  at  a  temperature  of  1.7 
K. 

spectrum  is  plotted  in  Fig.  4.  All  quantum  wells 
involved  can  be  identified  in  the  room  tempera¬ 
ture  spectrum  -  despite  the  strong  coupling  to 
longitudinal  optical  (LO)  phonons  in  CdTe  which 


l  ig.  4.  Photdiumincsccntt;  spctlrum  of  Ihc  same  slrucliirc  as 
in  Fig.  3.  bul  al  niom  Icmpcralurc. 


destroys  the  PL  efficiency  in  bulk  CdTe.  Similar 
results  have  been  observed  in  (ZnCd)Se/ZnSe 
and  (CdZn)Te/CdTe  quantum  well  structures 
[20,21].  The  reason  for  this  behaviour  is  the  fact 
that  the  exciton  binding  energy  gets  enhanced  in 
two-dimensional  systems,  and  can  become  larger 
than  the  LO  phonon  energy  As  a  result 

the  phase  space  available  for  the  LO  scattering 
processes  is  reduced. 

For  some  of  the  Cd,  ,  Mg,Te  quantum  wells, 
the  2s  heavy  hole  c.xciton  could  be  directly  ob¬ 
served  in  addition  to  the  Is  heavy  hole  transition. 
From  this  a  lower  limit  for  the  exciton  binding 
energy  of  2S  meV  was  derived  for  the  .a  nm  well, 
and  a  binding  energy  of  2.^  meV  for  the  (i.5  nm 
well,  which  is  much  higher  compared  to  lO  meV 
for  bulk  CdTe.  These  values  of  the  exciton  bind¬ 
ing  energy  are  higher  than  the  LO  phonon  energy 
of  2 1  meV  in  bulk  CdTe.  which  is  obviously  the 
reason  for  the  efficient  room  temperature  radia¬ 
tive  recombination  observed  in  Cd,  ,Mg,Te/ 
CdTe  quantum  wells.  It  is  interesting  to  note  that 
the  intensity  of  the  1 1  nm  well  is  smaller  than  the 
intensity  of  the  5  nm  well  at  room  temperature  - 
which  is  in  contrast  to  the  low  temperature  case 
(sec  Fig.  This  is  expected,  because  the  exciton 
binding  energy  is  smaller  for  larger  quantum  well 
widths. 

In  Fig.  5  the  integrated  PL  intensity  is  plotted 
as  a  function  of  temperature  for  a  5  nm  quantum 
well  as  well  as  for  a  Cd,  .,Mg,Te  layer.  The 
intensity  of  the  Cd,  ,Mg,Te  layer  decreases 
drastically  with  increasing  temperature,  whereas 
the  intensity  of  the  nm  Cd,  ,Mg,Te/CdTe 
quantum  well  decreases  by  less  than  one  order  of 
magnitude.  This  again  demonstrates  the  stability 
of  the  confined  excitons  at  room  temperature. 

The  efficient  radiative  recombination  in 
Cd,  ,Mg,Te/CdTe  quantum  well  structures 
even  at  room  temperature  is  a  key  point  for  the 
efficiency  of  optoelectronic  light  emitting  devices. 


4.  Summary 

In  summary,  we  have  investigated  the  struc¬ 
tural  as  well  as  the  optical  properties  of 
Cd|  ,  Mg,Tc  layers  and  Cd|  ,  Mg,Te/CdTe  sin- 
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F  iji.  5.  rhiiloluminesccncc  inicnsiiy  as  a  funciion  ol  tempera¬ 
ture  tnr  a  5  nm  Ctli  ^M^Je/CdTe  quantum  well  anti  a 
C\l|  ,Mi:,'re  layer.  The  morn  temperature  intensity  of  the 
quantum  well  is  only  about  one  order  of  magnitude  smaller 
than  compared  to  the  low  temperature  case.  This  is  in  con¬ 
trast  to  the  C\l/“  rMg,Te  layer,  where  the  intensUv  ele- 
ereases  bs  m<»re  than  three  orders  of  magnitude.  For  a  better 
enmparixm.  relative  intensities  are  given. 
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glc  quantum  well  structures  grown  by  MBK. 
C'tl|  ,Mg,  rc  shows  some  very  interesting  prop¬ 
erties:  the  band  gap  can  be  tuned  through  the 
whole  visible  range  by  varying  the  Mg  concentra- 
titm  from  0.30  to  U.7S.  In  this  range  the  lattice 
constant  changes  by  only  0.45'f.  In  addition,  a 
large  confinement  of  excitons  ean  be  reached  in 
C'd|  ,Mg,  re/C'dTe  quantum  wells,  leading  to  a 
high  exeiton  binding  energy  and  therehrre  to  a 
high  efficiency  for  radiative  recombination  even 
at  room  temperature.  Ihese  properties  could 
make  the  Cd,  ,Mg,re  ternary  alloy  very  inter¬ 
esting  for  optoelectronic  applications. 
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Abstract 

CilTc  ;iiul  C\ITc,|,,Sc,i  I  crystals  wore  jtnnsn  by  the  travelling  heater  method  under  diilerent  mtiterial  transport 
regimes.  I'he  diilerent  transport  regimes  in  the  liquid  /one  were  either  caused  by  dillusion  (tind  residutd  convection  I. 
or  In  I  c  convection,  or  by  I'orccd  convection.  The  forced  convection  was  produced  by  ii  H  =  1  niT  rotating  mtignetic 
lielil  <40(1  II/)  under  /ag  ctinditions.  The  equations  for  describing  the  model  of  the  rottiting  magnetic  field  are 
vlerived.  showing  that  the  mtignetic  force  term  in  the  Navier-Stokes  equation  can  he  calculated  separately  in  the 
case  of  q  g  conditions  and  small  mtignetic  field.  The  rotating  mtignetic  fieki  generates  a  stable  steady  How  in  the 
sohition  /one,  which  improves  the  radial  anvl  axial  distribution  of  pr  products. 


I.  Introduction  and  experimental  conditions 

.■\  honiogcncous  distribution  of  defects  and 
dopatits  is  desirable  lor  eerttiin  semieonduetor 
applications.  Both  defects  and  dopants  tire  inllu- 
enced  by  the  nittterial  transport  in  the  liquid  zone 
liuring  crystal  growth  using  the  travelling  hetitcr 
method.  The  scientific  objectives  are  to  study  the 
inlluence  of  different  niateriitl  transport  meehti- 
nisms  in  the  liquid  zone  and  the  resulting  crystal 
properties.  Tixperiments  were  carried  out  for  dif¬ 
ferent  niiiteritil  Irtinsport  regimes,  which  were 
either  caused  by  diffusion  (and  residual  convec¬ 
tion  under  /ug  ),  or  by  l.g  convection,  or  by  forced 
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convection  under  q.g  conditions  by  a  rotating 
magnetic  field. 

C'd’l  e  tmd  (  d  I'en.iSe,, ,  crystal  growth  experi¬ 
ments  were  successfully  performed  duritig  the 
unmanned  PHOTON  7  and  PHO  TON  S  missions 
in  October  PWl  and  lbv)7.  respect ively.  I'he  erys- 
Itils  were  grown  in  the  furnace  ZON.A  4  by  the 
tnivelling  heater  method.  .Ml  experiments  were 
accompanied  by  theoretictil  modelling  of  temper¬ 
ature  profiles,  phase  boundaries  and  tlow  p;tt- 
lerns  in  the  I'e  zone, 

T  he  mission  support  of  the  PHOTON  7  mis¬ 
sion  and  first  results  as  well  as  the  ampoule 
design  are  described  in  refs,  [  I  -.7],  The  seed 
crystals  (  d'Te  ;md  the  feed  materials  ('d  Te;(T 
were  usevi  during  the  PHOTON  7  mission  ant) 
(TTTeii.i.Se,,  I :  CT  during  the  PHO  TON  b  mission. 
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A  rotating  magnetic  tickl  v^itli  a  magnetic  in¬ 
duction  of  2  m  r  and  ;i  frequency  of  41(0  H/  w..s 
chosen  for  tlic  experiments.  I'he  magnetic  held 
rotates  perpendicularly  to  the  ampoule  axis 
Compared  with  the  experiment  without  a  mag¬ 
netic  field,  these  \alues  ensure  an  appreciable 
change  of  mass  transfer  and  Cd  distribution  in 
the  solution  zone.  Their  values  simultaneously 
cause  a  stable  steady  flow  at  the  crystallization 
Iron'  [4..>]. 

The  timeline  of  the  THO'I'ON  7  experiment 
within  the  rotiiiing  magnetic  field  is  described  in 
rel.  1.'].  The  timeline  is  subdivided  into  .s  phases. 
.•\t  first  the  hetiter  was  switched  on  and  the  Te 
zone  was  heated  up  to  7.s() C.  After  a  homoge¬ 
nization  time  of  2  h.  the  ampoule  was  moved  with 
a  pulling  rate  of  (1.27  mm/h  for  ItlK  h.  For  the 
first  ,s(l  h.  the  crystal  was  grown  within  the  rotiit- 
ing  mtignetie  field,  then  the  magnetic  field  was 
switched  off. 

In  the  following  section,  tluid  dynamic  calcula¬ 
tions  httse  been  performed  in  order  to  show  the 
theoreticiil  intluenee  of  a  rotating  magnetic  field 
on  the  How  ptiitern  in  the  TUM  solution  zone, 
f-ixperimental  results  will  be  given  for  /i.e  experi¬ 
ments. 


2.  Thforetical  examination 
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This  model  is  used  lor  the  viescription  of  trav¬ 
elling  heater  crystal  uiovvth  exireiiments  within 
and  without  a  rotating  magn'-iic  lield.  The  seien- 
lilic  obieetives  of  the  calculations  are  to  deter¬ 
mine  the  phase  boundaries,  the  local  growth  rates 
and  the  segregation.  The  following  hydrodynami- 
cal  equations,  given  in  the  nondimensional  lorni, 
are  neeiled:  Savier  Stokes  ei|uations  (I).  conti¬ 
nuity  ei|uatioii  in  the  Ifoussinesii  aiiproximation 
(2).  convective  ditiusion  ec|uation  loi  each  species 
(.').  and  convective  heat  transler  equation  (4): 
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I  he  description  of  the  rotating  magnetic  field 
requires  the  Maxwell  equations  in  the  hydrody¬ 
namic  approximation  (■'(-(S)  and  f)hnTs  law  in 
the  generalized  form  CO: 
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Ohm's  law  in  the  nondimensionalized  form  illO 
can  be  obtiiined  from  F.q.  CO  by  using  the  ehaiac- 
tcristic  values  1.  ;.  /■.  and  /<: 


Re"’ 

j  t:  -  ^  ■■■Kn.  (10) 

Kl\  , 

I'he  h'llovving  assumptions  and  simplifiea'i 
are  made: 

•  I'he  flow  is  laminar  and  iiiiasistationary. 

•  Buoyancy  aiul  solutal  ci  nvection  are  neglected 
under  micrograviiy  conditions, 

•  Ideal  thermodynainical  ec|uilibriutn  at  the  in¬ 
terlaces 

•  In  order  to  use  21)  calculatio.is,  the  flow  is 
assumevi  to  be  axi-syminetrical 

•  .According  to  the  reguhir  associated  solution 
I'l  idel  of  I  augiei  |(i).  the  tollovving  species  havi 
Ui  be  regarvled  m  the  Te  zone:  C'd  le.  (  ciSe  and 
Se  (the  diffusion  coefficients  a'e  assumed  to  be 
equal ). 

•  T'used  silicti  amiioule  and  t.ie  cnstaK  are  elec 
trical  insulators, 

•  Crystallization  heal  is  negleeled 

The  boundary  eomlilioiis  aie  the  lolkiwmg: 

•  Axial  symmetry: 

'O', /7r|,  -  0-  ill' 

with  V,  I,,  I  .  r  .  II,.  «  .  H  .  /  ,  /  .  /.  ,  /  ,  ,  . 

•  .At  the  pinise  boundaries  and  the  ampoule  walls 
the  velocities  are  zero. 
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•  The  heat  transfer  between  heater  and  ampoule 
w.'l'  oceurs  by  radiation;  Hq.  (12)  can  be  obtained 
from  the  Stefan-Boltzmann  law  for  radiation,  the 
f'ourier  law  of  heat  conduction  and  the  continuity 
equatitm  for  energy: 

'  i  ,,-Sk  (/■*-■- 7-^).  (12) 

•  The  mass  Hux  through  the  ampoule  wall: 

/i'r' I,  /(  =••■  (13) 

•  rite  mass  transport  at  the  phase  boundaries  is 
caused  tinl\  by  diffusion.  The  concentration  of 
the  species  are  taken  according  to  Laugier  [6]; 

Pe„t’*(t7*  (14) 

•  The  ampoule  and  the  crystals  are  electrical 

insulators: 

(15) 

7,r-0.  (lb) 

where  y„'  is  the  current  normal  to  the  phase 

boundary. 

•  rite  magnetic  field  is  etmtinuous  at  ail  bound¬ 
aries.  because  (he  relatixe  magnetic  permeability 
ot  the  crystal,  l  e  /one  and  ampttule  is  nearly  I. 

2.2.  rih'orciH  til  nuidcllinii  of  the  roiiilin:^ 
field 

I'he  current  density  in  the  Te  /one  is  de¬ 
scribed  in  Tq.  ( 1(1): 

Re'’ 

.i>  /f  -  .,((-  sW).  (Id) 

Re,; 

In  this  nondimensional  form  IV  and  il'  *  x  H*  ) 
are  ol  the  order  of  1.  According  to  cxpcrimenttil 
data  [T.S],  the  ratio  Re^'/Re''  =  I  is 

sntall  (  '  0.01)  for  small  Hartmann  numbers  (here: 
Ha  =  0.5).  I  herefore  l.q.  ( 10)  can  be  simplified  to 

j-  hV  (17) 

With  this  approximation,  the  Maxwell  equations 
are  separated  from  the  Naviv"-.Stokes  equations 
aiul  can  be  treated  independently.  I'his  scpani- 
lion  can  only  be  ilone  for  small  Hartmann  nun.- 
bers  iintler  mierogravity  conditions.  Under  etirth 
eomlitions.  the  Hartmann  number  has  to  be  cho¬ 
sen  large  enough  to  dominate  the  buoyancy  con¬ 
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vection  term  ;ind  we  h;ive  to  use  the  full  set  of 
coupled  equations.  Now  we  combine  f-iq.  (P) 
with  Uq.  (7)  and  calculate  (he  curl: 

vx{rxB*)  --  rx(Rc^!  ( is( 

with 

r\{V\i{)-  AB 

( 10) 
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and  hq.  (cS),  veo  ohtiiin 

AB*  =  Rc,V  ;ifl*/.if.  (2(1) 

r-«*  =  o.  (21) 

I'hc  niagiiotic  field  is  separated  from  tfie  electric 
field.  After  tiie  calculation  of  the  magnetic  field, 
life  electrical  field  is  obtained  by  Eq.  (S).  The 
eleetromagnetie  force  term  in  (I)  combined  with 
117)  is  gixen  h\ 


F 


Ha-  Re-;'; 
'l^Re^ 


X  «*). 


(22) 


The  difterenee  between  a  rottiting  magnetic  field 
and  a  static  nitignetic  field  should  be  emphasized. 
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I  le  i  Inli.ncd  nii.iuc  ol  an  axtal  ervNial  slice  2  mm  l  ie 
irKlii'>ions  are  I'laek)  (a)  seeil  ervsial:  (b)  jinmn  erxslal  vsilhin 
ihe  lolatinu  ma>:nelic  tieUI:  (c)  ^rown  crxsial  NCiihotil  !he 
nia>:iKtie  lieUI.  (il)  le  /one.  U')  leeil  material. 
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In  a  constant  magnetic  field,  the  current  is  pro¬ 
duced  by  the  motion  of  the  fluid  in  the  magnetic 
field.  The  Lorentz  force  which  acts  upon  this 
current,  results  in  a  damping  of  the  velocity  nor¬ 
mal  to  the  magnetic  field.  In  a  rotating  magnetic 
field  under  microgravity  conditions  the  motion  of 
the  fluid  can  be  neglected.  The  current  is  pro¬ 
duced  by  induction,  and  the  resulting  force  gen¬ 
erates  a  forced  convection. 

2.3.  rhcoreticid  results 

I-'ig.  1  shows  the  electromagnetic  force  in  the 
centre  of  the  Te  zone.  The  force  only  has  an 
azimuthal  component.  Near  the  phase  boundaries 
both  radial  and  axial  components  are  present. 
This  force  produces  an  azimuthal  primary  flow. 

The  \elocit\  at  the  phase  boundary  is  zero, 
and  therefore  the  viscous  forces  produce  a  sec- 
tmdary  flow,  consisting  of  two  toroidal  convection 
rolls.  I'he  resulting  flow  pattern  with  the  different 
\elocitics  are  depicted  in  Fig.  2.  At  l.g  the  rotat¬ 
ing  magnetic  field  has  no  influence  on  the  flow 
pattern  and  the  material  transport,  due  to  the 
weakness  of  the  magnetic  field.  Table  1  shows  the 
calculated  velocities  depending  on  the  magnetic 
induction  for  the  freguency  of  40(1  Hz  under  na 
conditions.  I'he  theoretical  calculations  of  the 


exact  flow  patterns  and  the  corresponding  axial 
cuts  of  the  cry.stals  arc  given  in  refs.  [.'^.4]. 

In  spite  of  an  increase  of  velocity  in  the  solu¬ 
tion  zone,  the  temperature  field  inside  the  am¬ 
poule  is  insignificantly  deformed.  The  secondary 
flow  accelerated  appreciably  the  mass  transfer 
through  the  zone.  The  influence  of  the  rotating 
magnetic  field  on  the  concentration  distribution 
along  the  .solution  zone  axis  is  shown  in  Fig.  .1. 
The  solid  line  shows  the  Cdl'e  concentration 
distribution  in  the  I'e  solution  without  the  mag¬ 
netic  field,  and  the  dashed  line  the  distribution 
with  the  rotating  magnetic  field.  I'he  dashed  line 
resembles  two  plateaus,  which  are  produced  by 
the  mixing  of  the  convection  tori  in  the  solution 
zone.  For  the  rotating  magnetic  field  we  stress 
the  fact  that  the  C'dTe  fraction  in  the  solution 
zone  is  significantly  larger  on  the  seed  crystal 
side. 


3.  (Jrowth  results 

The  description  of  the  axial  cuts  of  the  grown 
C'dTe  crystals  is  given  in  refs.  [,1.4].  This  article 
summarizes  the  rotating  magnetic  field  experi¬ 
ment  under  nn  conditions.  Fig.  4  shows  the  in¬ 
frared  image  of  an  axial  crystal  slice  with  a  thick- 
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ness  of  2  mm.  The  pieture  shows  two  sections  of 
the  grown  crystal:  one  with  the  rotating  magnetic 
field  and  one  without.  The  magnetic  field  was 
switched  off  after  half  of  the  crystal  growth  time 
had  elapsed.  This  produced  a  change  in  the  flow 
pattern  and  the  solution  zone  supersaturated 
nearby  the  crystallization  front  (Fig.  3).  A  tempo¬ 
rally  high  growth  rate  [4,3]  results  and  creates  a 
thick  heavily  disturbed  region  of  about  1  mm. 
This  region  is  full  of  Te  inclusions,  where  the 
grown  crystal  broke  during  the  cooling  process. 

The  part  of  the  crystal  which  was  grown  within 
the  rotating  magnetic  field  shows  the  most  homo¬ 
geneous  products  (Fig.  5)  and  resistivity  dis¬ 
tribution  [3].  All  other  experiments  without  the 
magnetic  field  at  Ig  and  /ag  conditions  reveal  a 
wide  distribution  of  /ir  products. 


4.  Conclusions 

The  eejuations  tor  describing  the  rotating  mag¬ 
netic  field  were  derived  for  nf;  conditions  and 
small  Flartmann  numbers.  The  rrhating  magnetic 
field  generates  a  stable  steady  flow  in  the  Te-zone. 
improving  the  radial  ;md  axial  distribution  of  the 
Fc  inclusions  and  the  m"  products. 
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L  =  wBR  Characteristic  electric  field 
E  =  EE*  Dimensionalized  electric  field 
j=jj*  Dimensionalized  current  density 
j  =  (tioBR  Characteristic  current  density 
n  Normal  vector 

r.  If.  z  Radial,  azimuthal  and  axial  compo¬ 
nents 

R  Ampoule  radius 

t  =  \  /io  Characteristic  time 

T  =  TT*  Dimensionalized  temperature 

7',  =  TT*  Dimensionalized  furnace  temperature 

U*  Dimensionless  local  growth  rate 

y=Vl’*  Velocity 

V,..  y.  Radial,  azimuthal  and  axial  compo¬ 
nents  of  vector  y 

y*.  y  Dimensionless  and  characteristic 
quantities  of  y 

C  Stefan-Boltzmann  radiation  constant 

/a, I  Magnetic  permeability 

io  Frequency  of  the  rotating  magnetic 

field 

.3.2.  Material  parameters 

1),  Diffusion  coefficient 
f  Fmissivity 
K  Thermal  diffusivity 
A  Thermal  conductivity 
r  Kinematic  \iscosity 
l>  Density  of  the  melt 
ir  Edectric  condiictivitv  of  the  melt 
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.3.  /.  Somenelamre 

B  -  BB*  Dimensionalized  magnetic  field 
strength 

( ,  ^  c,i  *  Dimensionalized  concentration  of 
component  i 

< '  l.iquidus  concentration  of  component 

i 

< Solidus  concentrtition  of  component  / 


.3..?.  Dimensionless  numbers 
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11a  =  /(W,  —  Hartmann  number 

V  >’!> 

\R 

Pc  =  —  Peclet  number 

D 

\R 

Pe,,  =  —  Solutal  Peclct  number 

"  D 

\R 

Re  =  —  Reynolds  number 

r 

Re'^'  =  \  'Rp.„iT  Magnetic  Reynolds  number 

ReJ*^  =  R'lop^tr  Rotational  magnetic 

Reynolds  number 

Ctf'R 

Sk  -  Stark  number 
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.  CRYSTAL 
GROWTH 


Growth  of  large,  high  purity,  low  cost,  uniform  CdZnTe  crystals 
by  the  “cold  travelling  heater  method” 

A.  El  Mokri,  R.  Triboulet  *,  A.  Lusson,  A.  Tromson-Carli,  G.  Didicr 

1  Aihorutairc  dc  Physufitc  </ev  Solulcs  di‘  Hcl/ci  iu\  C  \'RS.  I  PUh  *•  A.  Hnand.  /  \tciidt>n  ( i  dcx.  /  n/ut  «■ 


Abstract 

The  ciild  tnivclling  healer  method  (CTHM)  has  heeii  used  to  piam  C'dZnTe  ensials  (  i  ,,,,  -  1).()4  and  D.IO)  ol  2 
inch  diameter,  which  is  the  largest  diameter  ever  used  in  THM.  A  simple  mode)  conlirnis  that  convection  is  the 
dominant  mechanism  of  matter  transport  in  THM.  justifying  the  use  of  the  accclcrtited  crucible  rotation  tcchniguc 
(ACRT).  in  which  is  imposed  a  forced  convection  regime,  to  enlarge  the  si/e  of  the  crystals  and  increase  the  growth 
rale.  In  order  to  obtain  single  crystals,  solid  state  recrystalli/alion  (SSR)  has  been  applied  for  the  first  lime  to  CdTe. 
Ingots  of  excellent  axial  and  radial  uniformity  have  been  obtained  by  (  THM.  as  well  as  crystals  purer  than  the 
Bridgman  grown  ones,  from  .^N  elements  as  source  material  ;il  ten  limes  lower  price  than  the  fiN  ones  classically 
used  for  Bridgman  growth.  ,SSR  crystals  have  been  found  also  of  lower  purity  than  the  (THM  ones.  It  follows  that 
contamination  in  C'dTc  growth  is  expected  to  occur  not  only  from  the  starling  elements  but  particularly  from  the 
high  temperatures  used.  The  main  agents  of  high  temperature  contamination  are  shown  to  be  I.i  and  (  it.  Some 
mosaic  structure  ol  the  crystals  comes  from  the  off-sloichiomelric  THM  gri'wth  conditions  and  could  be  avoided  by 
SSR  annealing  under  Cd  xtipour  pressure. 


I.  Introduction 

I'hc  use  of  kittiec-matehed  Cd/.n  le  substrates 
for  the  epitaxitil  growth  of  HgCin'e  is  reeogni/ed 
as  ;i  key  lor  making  high  perfornitmee  IR  detec¬ 
tors  [1.2]. 

(  omniereitilly  tivailable  Cd/n  I'e  substrates  are 
produced  from  vertietil  and  hori/ontal  Bridgman 
growth  by  the  major  wtirld  suppliers.  I'hese  tech¬ 
niques  present  nevertheless  some  limitations  eon- 
cerning  uniformity  (difficult  control  of  /,ti  segre- 


(  nrrcspmuliHg  .iiilhur. 


gation.  lor  insitmee).  purity  (need  of  high  purity 
sttirting  materitil.  for  ;i  disappointing  final  purity) 
and  cost  (complex  set-up  and  process)  of  the 
substrates. 

I'he  cold  travelling  hetiter  method  ((  THM) 
has  been  shown  as  an  ;itti;tetive.  simple  ;ind  inex¬ 
pensive  technique  to  produce  such  eompoiinds  .is 
C’d  l'e  and  Zn  I'e  [,^!.  In  this  technique,  a  compos¬ 
ite  source  material,  constituted  of  ;i  (  d  (or  Zn) 
rod  surrounded  by  I'e  pieces  and  powder,  is  used. 
The  compound  never  reaches  its  melting  point 
during  the  whole  process  (from  which  the  ntime 
of  "cold”).  It  litis  been  adapted  to  the  growth  of 
(  dZii'I'e  ingots  of  tiiameter  tts  Itirge  tts  2  inch, 
which  is  the  Uirgest  ditimeter  ever  used  in  I  ffM. 
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In  order  to  obtain  large  single  crystals,  three 
approaches  have  been  followed: 

-  optimization  of  the  main  growth  parameters; 

-  accelerated  crucible  rotation  technique 
(ACRT); 

-  solid  state  reerystallization  (SSR)  used  for  the 
first  time,  to  our  knowledge,  for  C'd  l'e. 

The  assessment  of  the  erystals  has  been 
aehieved  using  IR  microscopy,  scanning  electron 
microscopy.  ,\-ray  topography.  X-ray  double 
diffraction,  photolumineseence.  Hall  effect,  elec¬ 
trical  conductivity  and  chemical  analysis. 


2.  Experimental  procedure 

The  crystals  have  been  grown  by  CI'HM  ac¬ 
cording  to  the  experimental  process  described  in 
ref.  [.’].  In  order  to  grow  2  inch  diameter  C'd^n'l'e 
ingots,  both  C'd  and  Zn  rods,  of  appropriate  di¬ 
ameter  to  obtain  the  desired  composition,  sur¬ 
rounded  by  r'e  pieces  and  powder,  have  been 
used  as  source  matciial.  l.et  us  recall  that  synthe¬ 
sis.  growth  and  purification  are  aehieved  at  h)w 
temperature,  at  the  same  time,  in  a  simple  and 
inexpensixe  furnace,  in  contrast  to  other  pro¬ 
cesses,  The  scry  principle  of  this  technique  allows 
the  growth  of  large  diameter  ingots,  because  there 
is  no  need  to  prepare  a  pre-synthesized  source 
tnaterial.  The  material  never  reaching  its  melting 
point  during  the  whole  process,  which  limits  dras¬ 
tically  any  contamination  from  the  surroundings, 
and  the  efficient  purification  of  solution  zone 
refining  allows  the  use  of  .‘'N  elements,  as  starting 
materials,  at  ten  times  lower  price  than  the  (>N 
ones  for  a  better  final  purity  of  the  crystals, 
provided  that  very  pure  ()N  le  is  used  as  the 
solvent.  I'he  growth  temperature  was  TSII'C'  for 
'  /n  b  b4  and  X.'sl)  ('  for  11.2ft.  Because  of 

the  lack  of  compactness  of  the  composite  source 
material,  limiting  the  definition  of  the  growth 
interface  position,  a  second  I'HM  pass  was 
achieved  to  obtain  large  single  crystals. 

2  /.  ( )i>tiimzali<m  of  ilic  paranu'tcrs 

Optimum  growth  conditions  lor  a  given  diame¬ 
ter  cannot  be  easily  extrapolated  to  larger  sizes. 


I6>/ 

because  several  parameters  change  drastically 
with  diameter,  like  temperature  gradients,  super- 
C(.H)ling  amount,  etc.  On  the  other  hand,  the 
composite  nature  of  the  CTHM  source  material 
makes  it  difficult  to  perfectly  control  the  growth 
interface  position. 

The  optimization  has  concerned  essentially  the 
initial  amount  of  tellurium,  which  conditions  the 
height  of  the  solvent  zone  and  thus  the  positir)n 
and  shape  of  the  growth  interface  in  the  furnace, 
and  the  growth  rate  which  was  varied  between  2 
and  .^.b  mm/day.  In  order  to  check  the  signifi¬ 
cance  of  the  growth  parameters  experimentally 
determined,  a  simple  model  has  been  used. 

Folkxwing  the  wxirk  of  Cherepanova  [4).  we 
have  adapted  to  our  configuration  a  quasi-diffu- 
sive  one-dimcnsional  model  (diffusion  of  CdZn'l  e 
in  a  C  tlZn  l'e  -t-  I'e  mixture)  in  which  the  matter 
transport  can  be  described  by  the  equation: 

l\  .■I’C/iir-  -s  r  itC/i'e  =  0.  (  1 ) 

with  the  boundary  conditions: 

-/)J"C/i';).  =  I  ■((■;  - CJ. 

where  I  is  the  travelling  rate  td  the  ampoule.  l\ 
the  solutal  diffusion  cc'efficient  and  C  the  con¬ 
centration  in  CdZn  I'e.  with  (  '"  and  C"‘  the  eon- 
eentrations  at  the  growth  (z  -  r,)  and  dissolution 
(r  =  ;.)  interfaces,  respectively. 

According  to  the  diagram  of  l-'ig.  1.  /.,,  is  the 
initial  zone  length.  T,  and  >'.  are  the  slopes 
a/ /it;.  C,„  is  the  initial  concentration  of  CdZn  Fe 
in  the  liquid  zone.  /,  is  the  dissolution  tempera¬ 
ture  and  /,,  is  the  maximum  temperature. 


!  i>:.  1  Di.ipram  ot  iho  ilisinhulion  of  temperature  aiul  et>n- 
ecntiation  \ersuv  JiMaiKe  near  the  I  HM  solvent  /one. 
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The  parameters  used  for  the  growth  of 
Cd„xZn„,Te  were  C;=l.  C^„  =  0.184,  7',,= 
85(fC.  T|,  =  50  mm,  V  =  3.6  mm/day,  R  =  2.5  mm, 
y,  =  37°C/cm,  y,  =  47‘’C/em  and  D,  =  5  x  10 
m’/s  (for  CdTe). 

Solving  Tq.  ( 1 )  under  its  dimensionless  form 
gives  the  concentration  and  temperature  differ¬ 
ence  between  dissolution  and  crystallization  in¬ 
terface,  JC'  =  C  V  -  d'  =  0.08  and  J7'=  Tj'  -  7'," 
=  73°C.  respectively,  and  the  final  zone  length 
/.,  =  58  mm.  Introducing  these  values  into  the 
expressions  of  the  dimensionless  numbers  gives: 

•  thermal  Rayleigh  number.  Ra'  =  oit>R'AT/ 

(  /V>  =  2.5  X  10''; 

•  solutal  Rayleigh  number.  Ra'  =  lii>R'AC/ 

( l\r)  =  0,3  X  lO'"; 

•  Lewis  number.  Le  =  l\/l\  =  780; 

•  Prandtl  number.  Pr  =  c//),  =  0.04. 

Here  a  and  are  the  thermal  and  sr)lutal 
expansion  coefficients,  respectively.  I),  and  I\ 
are  the  thermal  and  solutal  diffusion  coefficients. 
rcspcctivcK.  and  r  is  the  kinematic  viscosity. 

■X  slight  increase  of  the  si'lvent  zone  length 
( /  ,  -  1.2)  is  observed:  the  growth  and  disso¬ 

lution  interfaces  have  not  suffered  an  important 
distortion  during  growth.  ;ts  confirmed  by  the 
large  si/c  of  the  crvsttils  obtained.  I'he  solutal 
Rayleigh  number  is  larger  than  the  thermal  one 
confirming,  as  shown  experimentally  by  Schwen- 
kcnbccher  and  Rudolph  [51,  that  solutal  convec¬ 
tion  is  the  dominant  mechanism  in  LU.M  growth. 
This  justifies  the  use  of  AC'R  T  to  enhirge  the  size 
of  the  crystals  and  increase  the  growth  rate. 

2.2.  .Aa.  civ  rated  cnicihlc  rotation  tcclinitiiic 

The  accelerated  crucible  rotation  technique 
has  been  developed  initially  by  .Scheel  and  co- 
wiirkers  [(i)  for  the  solution  growth  of  garnets  at 
high  temperatures,  and  htis  been  modelled  by 
Schulz-Oubois  [7|.  An  improvement  of  the  size  of 
the  crystals  by  a  factor  of  1001)  over  growth  with¬ 
out  A('R  r  was  obtained  by  the  authors. 

Natural  convection  being  the  nnrst  effective 
and  dominant  mechanism  of  matter  transport  in 
(  d  i  e  11 IM  growth  makes  ACR  T  very  promising 
for  creating  a  forced  convection  regime  that  is 
reproducible  ;md  amcmible  to  control,  contrary 


to  natural  convection,  as  already  proposed  by 
Wald  and  Bell  [8],  One  can  expect  ACRT  to  be 
particularly  efficient  in  the  case  of  large  diame¬ 
ters  where  the  "supercooling  amount"  is  quite 
large  [h]  and  should  impose  excessively  low  grow  th 
rates. 

Different  flows  have  been  shown  to  occur  in 
rotating  systems  [7]:  the  Ekman-layer  flow  has 
been  stated  to  be  the  most  prominent  under 
spin-up  and  spin-down,  especially  in  containers 
that  arc  not  very  tall  compared  to  their  diameter 
[II]  as  in  the  THM  case  (5  cm  diameter.  '  3  cm 
long  for  the  solvent  zone  m  our  case).  It  is  a 
radial  flow  that  occurs  in  a  narrovs  horizontal 
layer  just  above  the  boundary  layer  through  which 
only  diffusion  must  take  place,  ensuring  a  supply 
of  material  near  the  growing  interface.  Under 
spin-up.  an  Lkman  layer  forms  at  the  bottom  of 
the  ampoule.  Inside  this  layer,  the  liquid  is  sub¬ 
mitted  to  a  fast  radial  movement  and  is  rejected 
toward  the  top  near  the  walls  in  spiral  arms.  The 
expressions  of  the  time  during  which  the  flow 
decreases,  /j.  the  Lkman  layer  thickness,  </.  the 
radial  velocity  within  this  layer,  I  .  the  vertical 
velocity  in  the  container.  H  .  and  the  Lkman 
ctvnstanl.  A',  are  given  in  ref.  |7). 

Spiral  shearing  distortion  describes  a  laminar 
and  two-dimensional  fltwv  of  liquid  under  spin-up 
and  spin-down  in  a  tube  Uvng  enough  fivr  the 
influence  of  the  bottom  to  be  neglected.  It  is 
therefore  a  secondary  mechanism  in  I'HM  under 
AC'Rr  conditions.  It  is  caused  by  fluid  at  the 
walls  changing  velocity  faster  than  in  the  bulk. 
The  width  of  the  arms  of  the  "spiral  shearing 
distortion".  Jr.  the  number  of  spiral  arms,  ,\. 
and  the  time  after  which  the  rotation  rate  at  the 
centre  of  the  liquid  is  reduced  to  about  fi,,  '  2.  / .. 
are  also  given  in  ref.  [7J. 

In  two  experiments,  respectively  noted  .X  and 
B.  for  C  dii^/.n,, ,  Tc.  the  maximum  rotation  rate 
was  ^  SO  rpm  with  the  ACRE  cycle  displayed 
in  L'ig.  2. 

The  following  parameters  can  be  calculated: 
/•:  =  3  X  It)  \  7  ,  22  s.  /',  =  401  s,  d  =  1.37  s 

10  ■'  cm.  r=  21  cm/s.  H  =0. 1)  cm,  s,  Jr  =  3.7 
X  It)'  cm  and  .V  =-  667. 

Lor  a  diffusion  coefficient  of  C'd  le  in  liquid 
Te  of  ~  10  '  cm'  s  '  (  ~  StKI'U).  the  homoge- 
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Ftj:.  AC'R  I  cuic  used  (ntlation  rate  versus  lime). 


2.3.  Solid  .slate  reerystallizatkm 

Solid  state  recrystallization  (SSR),  essentially 
used  for  metals,  has  been  proposed  by  Kruse  and 
Schmit  [11],  according  to  a  “quench-anneal"  pro¬ 
cess,  for  the  growth  of  HgCdTe  single  crystals.  To 
our  knowledge,  it  has  never  been  used  before  for 
CdTe.  Energetically,  this  process  is  favoured  by 
the  multi-grain  state  of  the  material,  which  is 


nization  will  occur  within  about  1  s  for  a  distance 
between  spiral  arms  of  .^.7  X  10  '  cm.  The  high 
radial  \elocity  of  21  cm/s  ensures  a  fast  supply  of 
the  material  near  the  growing  interface.  Growth, 
geometrical  and  ACR'l'  parameters  for  experi¬ 
ments  and  B  are  given  in  Table  1. 

Crystal  A  consisted  of  small  grains,  with  a 
regular  structure.  In  crystal  B,  the  grains  have 
grown  considerably,  due  to  the  modification  of 
the  ACRT  parameters.  .S,  in-up  and  spin-down 
times  (13  s)  for  A  are  1” -her  than  the  Ekman 
time  /,  (22  s).  The  stop-time  is  rather  large  (11 
s).  By  comparison,  spin-up  and  spin-down  times 
lor  B  (14  s)  are  lower  than  the  Fikman  time  and 
the  stop-time  as  well.  This  allows  a  faster  trans¬ 
port  of  matter  to  the  interface,  as  was  also  ob¬ 
served  by  Capper  and  co-workers  [10]  for  the 
growth  of  Cd'l'e  and  CdZnle  by  Bridgman 
method  using  .-\CR  1. 

In  spite  of  a  very  significtint  improvement  in 
the  grain  size  of  the  crystals  grown  using  ACRT 
and  a  substantial  increase  in  the  growth  rate,  the 
optimization  needs  further  experiments.  Solid 
state  recrystallization  has  been  tried  in  order  to 
obtain  larger  crystals. 


lahk-  I 
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thermodynamically  unstable.  Energy  accumulates 
in  the  grain  boundaries  which  are  the  most  unsta¬ 
ble  zones.  Their  disappearance  by  minimization 
of  energy  is  the  driving  force  of  recrystallizaturn. 
In  isothermal  reerystallization,  a  first  step  is  to 
heat  slowly  the  multi-grain  charge  to  a  tempera¬ 
ture  lower  than  the  melting  point  by  about  a 
hundred  degrees,  allowing  the  formation  of  nu¬ 
clei,  and  to  keep  this  temperature  during  a  time  t 
chosen  according  to  the  growth  rate  of  the  nuclei. 
The  growth  of  a  grain  happens  at  the  expense  of 
its  neighbours. 

We  have  found  that  a  significant  asset  of  I'HM 
is  the  possibility  of  obtaining,  with  parameters 
intentionally  maladjusted  for  the  CdTe  growth,  a 
regular  fine  grain  size  structure,  as  shown  in  Eig. 
,ia,  all  the  more  tidapted  to  recrystallization  be¬ 
cause  the  high  temperature  gradient  at  the  lig- 
uid-solid  interface  brings  about  some  quenching 
effect.  Such  ingots  have  been  used  for  SSR  exper¬ 
iments  and  heated  up  under  vacuum  to  the  re- 
crystallization  temperature  at  about  4X'/li.  in 
I'fder  to  avoid  the  thermal  strtiins  due  to  an 
abrupt  thermal  change.  In  a  first  experiment, 
where  /^.  =  l()6(l°C'.  very  close  to  the  melting  point, 
a  significant  increase  in  the  grain  size  was  ob- 
taitied.  but  the  crystals  presetited  many  g;is  bub¬ 
bles.  In  a  second  experiment.  'E  has  been  re¬ 
duced  to  hUO  (■  and  kept  two  months  at  this 
siilue.  .A  cross-section  of  this  ingot  shows  .t  grain 
occupying  more  than  half  the  section,  denu'ii- 
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strating  the  efficiency  of  the  process  d  ig.  .'b). 
New  experiments  are  in  progress  in  order  t<' 
obtain  only  I'ne  crystal  over  the  whole  volume, 
after  opiimiztilion  of  the  parameters  (initial  struc¬ 
ture.  hetiting  time.  S.SR  temperature  and  time, 
and  vapour  pressure). 
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3.  Material  assessment 

3.1.  ruiity 

Eloctrica!  .haracteristics  of  typical  Cold  THM, 
SSR  and  Bridgman  samples  are  displayed  in  Table 
2.  By  comparison  with  the  Bridgman  sample, 
and  .V|,  are  about  ten  times  lower  for  the  'THM 
sample,  with  higher  low  and  room  temperature 
mobilities,  indicating  a  higher  purity  level.  More¬ 
over,  the  THM  sample  had  to  be  annealed  to 
con\ert  its  conductivity  type  from  p.  resulting 
from  the  Te  rich  growth  conditiors.  to  n.  suitable 
for  electrical  measurements.  As  ;  matter  of  fact, 
f(ir  a  significant  comparison,  the  as-grown  Bridg¬ 
man  sample  has  to  be  brought  in  the  same  state, 
because  residual  impurities,  segregated  into  Te 
precipitates,  out-diffuse  during  annealing  [12]. 
The  best  low  temperature  mobilities  measured 
among  many  annealed  CdZnTe  samples  coming 
from  various  suppliers  never  exceeded  5  x  1(1 ' 
cni'  ■  s,  I  his  demonstrates  not  only  the  benefit 
of  ('THM  to  reach  a  high  purity  level  at  low 
price,  but  also  the  fact  th;it  contamination  in 
Brigmaii  growth  comes  not  only  from  the  initial 
purity  of  the  sttirting  elements,  but  ;ilso  from  the 
high  temperatures  used. 

The  low  temperiiiure  photoluminescence  spec¬ 
trum  ol  a  typical  SSR  crystal  (Tig.  4a).  is  domi- 
natetl  by  the  cl.issictil  ,A".X  emission,  showing  two 
components  at  i.,s,S‘),s  and  l.,''Sd2  eV  (Tig.  4b) 
attributed  to  Cu  and  I.i.  respectively  [1.3).  with  its 
two  phonon  replic.is.  By  comptirison  with  the  IM. 
spectrum  of  a  coki  I'HM  sample,  with  only  the 
classical  .\.  D"X  ;md  A".X  lines  ;ind  their  phonon 
replicas  (Tig.  4a).  the  SSR  sample  shows  two 
additional  DAI’  transitions  at  l.,s,s()  cV  and  ~ 
1.42  eV  (Tig.  4b).  corresponding  to  I.i  and  (u 
respectively.  Chemical  analysis  confirms  the  pres¬ 
ence  of  I.i  aiul  Cu  ((l,.s  and  I  ppm.  respectively  )  in 
the  SSR  samples.  It  stems  from  these  optical 
features  as  well  as  from  the  electricid  characteris¬ 
tics  displayed  in  Table  2  that  the  purity  of  the 
SSR  samples,  although  higher  th;ui  the  anncalcti 
Bridgman  ones,  is  lower  than  that  of  the  CI  HM 
ones.  Some  contamination  occurs  from  impuri¬ 
ties.  mtiinly  I.i  anil  Cu.  diffusing  into  the  ingots 
from  their  environment  during  the  high  tempera¬ 


ture  procc.sses.  This  confirms  the  significance  of 
growth  temperature  with  regard  to  contamina¬ 
tion. 

3.2.  Unifomuty 

The  longitudinal  composition  profile,  mea¬ 
sured  by  electron  microprobe  analysis  (EMA).  of 
a  Cd||xZn,|  TTe  ingot  prepared  by  (THM  is  shown 
in  Fig.  .sa.  A  stationary  state  is  reached  right  from 
the  beginning  of  the  growth  leading  to  a  large 
uniform  fraetion  of  the  ingot.  The  average  com¬ 
position  is  2()T  +  E.s'r.  which  is  quite  accept¬ 
able.  The  radial  homogeneity  (Tig.  .sb)  is  found  to 
be  better  than  ±0.  Ti  over  a  2  inch  diameter 
slice.  Such  results  have  been  found  repeat.ible. 

3.3.  C/ysiiilloyniphic  propvrtws 

The  presence  of  a  sub-grain  boundtiry  struc¬ 
ture.  typical  of  Cd'Te  crystals  grown  under  off- 
stoichiometric  conditions,  is  revealed  by  .X-ray 
topography  (contrasts  indicating  ;i  misorienttition 
between  sub-gr;iins  in  the  crystal).  .X-ray  double 
diffraction  (multipeak  rocking  cunes)  and  elec¬ 
tron  microscopy  in  calhodoluminescence  mode 
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(direct  observation  of  a  sub-grain  lattice).  In  or¬ 
der  to  avoid  this  kind  of  detrimental  structure, 
experiments  of  SSR  under  Cd  vapour  pressure 
are  in  progress. 


4.  Conclu.sions 

Cold  THM  has  been  tried  to  grow  CdZnTc 
crystals  (.Vy„  =  0.  0.04  and  w.20)  of  2  inch  diame¬ 
ter  which  is  the  largest  diameter  ever  used  in 
THM.  A  simple  model  confirms  that  convection 
is  the  dominant  mechanism  of  matter  transport  in 
THM.  This  has  justified  the  use  of  the  acceler¬ 
ated  crucible  rotation  technique,  in  which  a  forced 
convection  regime  is  imposed,  to  enlarge  the  size 
I'f  the  crystals  and  increase  the  growth  rate.  In 
order  to  obtain  larger  single  crystals,  solid  state 
reerystallization  (SSR)  has  been  applied  for  the 
first  time  to  CdTe. 

The  ingots  grown  by  CTHM  have  been  found 
of  excellent  axial  and  radial  uniformity.  Crystals 
purer  than  those  grown  by  Bridgman,  as  shown 
from  electrical  and  optical  measurements,  have 
been  obtainetl  by  CTHM,  using  only  .‘'N  elements 
as  source  nuiterial.  at  ten  times  lower  price  than 
those  regularly  used  for  Bridgman  growth.  SSR 
ctystals  have  been  found  also  of  lower  purity  than 
the  C'l  HM  ones  because  of  contamination  occiir- 
ring  during  the  high  temperature  process.  It  fol¬ 
lows  that  contamination  comes  not  only  from  the 
starling  elements  but  particularly  from  the  high 


temperatures  used.  4’he  main  agents  of  contami¬ 
nation  have  been  shown  to  be  Li  and  Cu.  I  he 
SSR  crystals,  as  the  CTHM  ones,  show  a  mosaic 
structure  as  a  result  of  the  initial  off-stoichiomet¬ 
ric  THM  growth  conditions.  Experiments  with  a 
saturated  Cd  vapour  pressure  during  the  SSR 
process  are  in  progress  to  overcome  this  draw¬ 
back. 
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Abstract 

r.\L'it(in  hiniinCM'ciKC  is  slmlicd  in  a  series  ol  annealed  narnns-yap  Hi;,  ,('d,l  e  II.  a  •.  ,v  •  0,4)  eissials  ennsn  Ip 
die  liaselline  heater  method  ITHM).  A  number  of  leehnii|ues  -  photoluniineseenee  l  I’l  ).  I’l  eseilalion.  maenetolii- 
mineseenee  -  was  applied  to  get  insight  in  the  action  of  man\-body  effects  Iband  gap  renoiniali/ation.  free  eseitona 
and  their  loeali/ation)  in  this  mirrow-gap  materiiil. 


I.  Introduction 

1  his  infriired  ktniinoseence  studs  of  Hg,,- 
(  d.i  ,'l  e  is  iiKitisaled  tiittinly  h\  two  ictisons: 
bifstly  there  exist  generttl  cptestiotis  alter  the 
action  of  exeitons  in  n;trtow-gap  semieonduetors 
beeause  oseilhitoi  strength  as  well  ;is  bind'ng 
energy  decrease  with  deereasitig  gap  </^.b 
Hg,  is  the  best  known  semicoiKluclor 

where  the  energy  gap  settles  down  from  the  wide- 
gap  region  ( (  d  Te )  l  .b  eV)  to  zero  and 
therefore  seems  to  be  a  good  model  subslanee. 
Ihe  seeotid  motixation  tirises  from  the  optical 
pioperties  of  the  mixed  erystitl  itself.  As  outlined 
below,  there  tippear  ehtmges  in  the  lumineseettee 
liehaviotir  in  exen  the  composition  range  which 
wiis  sttidied.  I  itrther  motivation  comes  from  the 
diode  Itisers  as  xvell  tis  the  need  to  develoii  mag- 
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nelo-lumitieseenee  ;is  ;i  method  for  sample  ehar- 
aeteri/iition. 

In  recent  years  much  xxork  xvtis  done  to  clear 
up  the  ntiture  of  the  exeitotiie  lumitieseetiee  In 
Hg|  ,('d,le  (0.4  •  .V-  I)  with  eomparatixeix 
large  gaps  between  0.4  and  l.ti  e\  [1.21.  H  these 
"broader  gap  samples  haxe  a  sullieientlx  small 
etirrier  eoneentisition  and  if  they  xxere  groxxn  near 
Ihe  thermotlxntimie  epuilibriiim  hx  the  traxelling 
heater  method  I  I  HM)  or  the  liciuid  phase  e|iitax\ 
(l.lMi).  the  photoluniineseenee  tl’I.)  in  the  U.l  i 
•  U.S.'S  mole  frtietion  rtinge  is  dimtittated  b\  loeal- 
i/ed  intrinsic  exeitons  trtipped  in  potential  xxells 
genertiled  by  tilloy  disorder.  This  is  [sroxed  by  the 
fact  tluit  Ihe  thermal  deloeali/alion  energy  lot 
samples  of  this  kind  is  puiportiomtl  to  Ihe  disoi- 
der  funetion  .v(  I  -  v)  [21.  The  typical  luniines- 
eenee  line  shape  is  a  symmetrie  line  folloxxeil  by 
I -.4  leplieas  separateil  by  the  ("d  i  e  phonon  en¬ 
ergy  ;is  shoxxn  in  the  inset  of  l  ig.  I  for 
Ug|,;,,sC'ii,, -;  I'e.  l  ig.  1  shoxxs  the  separation  be- 
ixveen  the  dominant  line  and  the  next  transition 
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at  lower  quantum  energies,  f'or  .v  >  <1.4  the  dis¬ 
tance  is  equal  to  the  l.O  phonon  energy  (full  line) 
obtained  by  Raman  setittering  [3].  'I'he  data  in 
Fig.  1  were  obtained  from  PL  spectra  of  p-type 
samples  with  comparable  electrical  and  optical 
properties. 

Doped  samples  (or  samples  with  larger  con¬ 
centrations  of  native  defects)  exhibit  additional 
lines  identified  as  transitions  involving  hydrogen¬ 
like  accepttirs.  Hg-vacancy-related  deeper  accep¬ 
tors.  deep  levels,  donor-acceptor  pair  transitions 
and  hand-to-band  transitions  (see.  e.g..  ref.  [4-(i]). 

Samples  grown  by  methods  where  the  growth 
process  is  realized  farther  from  the  thermody¬ 
namic  equilibrium  as  molecular  beam  epitaxy 
(MBE)  exhibit  as  a  rule  only  one  broad  line 
caused  by  localized  carriers  (see,  e  g.,  ref.  [7]). 

Because  of  the  changes  visible  in  F'ig.  1.  it 
seems  to  be  interesting  to  discuss  the  nature  of 
the  optical  transitions  producing  the  lumines¬ 
cence  in  the  left  region  of  Fig.  I  (.v<().4).  A 
typical  PL  spectrum  of  a  Hg|,,,4-Cd„  ,i,'re  sample 
( /)„  =  7  X  Id''’  cm  at  /■=77  K  and  4.2  K) 
exhibiting  PL  in  that  spectral  region  is  plotted  at 
the  top  of  Fig.  2.  The  question  concerning  the 
nature  (4  the  main  line  can  ptirtially  be  iinswcred 
with  the  help  of  the  spectrum  at  the  bottom  of 
this  figure:  With  Fourier  transform  techniques 
[l()|  it  has  been  possible  to  obtain  the  photolunii- 
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TIIM-grown  samples  with  a  carrier  coiicenlr.ilum  ol  about 
/),,  cm  '  at  /  77  K.  Fhe  full  line  represents  the  1.0 

phonon  energy  in  Cdle-rich  iig,  ,(  d,Te  obtained  in  ref.  (3). 
Ihe  inset  shows  a  PI.  spectrum  from  a  d,,-,.  sample 

at  /  7  K  and  /,,  I  W  cm  \  I  he  arrows  m.;rk  line  p‘»si- 
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rig.  1.  PI.  spectrum  (top)  and  IM  F-  spectrum  (bottom)  ol 
5s;Te  at  /  “  1.^  K  (/.^,  31"  me\  )  I  lie  transition 

at  lower  energy  separateil  by  15. n  me\'  trom  the  di»minani  IM. 
line  was  useil  for  detection  during  the  IM  F-  measurement. 


ncsccncc  excitation  (PLF)  spectrum  shown  in  the 
lower  ptirt  of  this  figure.  The  lower  energy  line  of 
the  Pl.l;  spectrum  at  .300  meV  is  an  artelact  and 
gives  the  spectral  position  >4'  the  monitored  wave¬ 
length  of  the  PI.  in  this  type  (4  experiment.  It  is 
interesting  to  i4iserve  in  the  Pl.li  spectrum  ;i 
strong  enhtincement  of  the  oscillator  strength  ;it 
310  meV  where  the  band-to-btind  contribution 
sets  in.  Recombination  of  an  electron-hole 
plasma  cannot  explain  such  an  enhancement.  This 
is  only  possible  by  inclusion  of  excitonic  contribu¬ 
tions.  (Note  that  the  critical  screening  density  is 
somewhat  lower  than  the  />,,  value  mentioned 
above. ) 

I  his  study  is  devoted  to  the  cxciionic  lumines¬ 
cence  in  Hg|  ,C'd,Te  (.v  <  0.4)  in  a  composition 
range  where  the  spectrum  looks  very  different  as 
compared  with  the  better  investigated  brivadcr 
gap  region  (compare  inset  in  Fig.  1  and  Fig.  2). 


2.  Experimental  details 

Fhe  Hg  I  ,t'd,re  (.v<0.4)  samples  investi¬ 
gated  in  this  study  were  grown  by  the  tnivelling 
heater  method  (THM)  according  to  (iille  et  al. 
[S].  I'he  starting  point  was  a  set  (4  samples  with 
carrier  concentrations  between  />„  =  10''  cm 
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and  up  to  p„  =  5  x  It)"’  cm  '  (at  /'=  77  K).  I'or 
reaching  the  low  concentration  range,  a  special 
annealing  procedure  in  Hg-rich  atmosphere  was 
carried  out.  Typical  mobilities  were  .'^20-,7S(t  and 
470  cm’  (V  ■  s)  '  for  annealed  samples  (at  /'=  77 
K). 

In  section  .^.2.  mainly  the  results  obtained  from 
two  samples  are  discussed; 

-  Sample  (a):  .v  =  ()., 700  ±  0.00.4,  has  a  carrier 
concentration  of  p,,  =  l.l  x  lO''’  cm'  (at  7=77 
K)  and  a  hole  mobility  of  .'(2()  cm'  (V  •  s)  '.  The 
slope  d(/i(o„,,^)/d/||  (see  sectiim  .7.1)  is  positive 
and  has  a  value  of  about  2  meV  per  decade. 

-  Sample  (b);  ,v  =  0.367  ±  0.004.  has  a  carrier 
concentration  of  p,,  =  2  x  lO'"'  cm  '  (at  7  =  77 
K)  and  a  hole  mobility  of  380  cm'  (V  ■  s)  '.  The 
slope  d( /((ij„,,,J/d /,,  is  negative  and  comes  to 
-0.7  meV  per  decade  (see  Fig.  3c). 

The  PL  was  excited  by  a  CW  Nd:YAG  laser 
(by  choice  of  pulsed  operation  equipped  with  a 
(f-switch.  s  70  ns).  We  applied  excitation 

densities  in  the  10  mW  cm  '  range  for  continu¬ 
ous  (CW)  and  in  the  10  W  cm  '  to  100  kW  cm  ' 
range  for  pulsed  operation  (PW).  Detection  was 
performed  by  various  Hg,  jCd,Te  and  InSb  de¬ 
tectors.  The  samples  were  mounted  in  an  Oxford 
Spectromag  4000  system  which  allows  measure¬ 
ments  in  magnetic  fields  up  to  7  T.  A  more 
detailed  de.scription  of  the  experimental  setup  is 
given  in  ref.  [0]. 


3,  Results  and  discussion 

.7 /,  Characlerizution  of  i he  samples  by  I’l. 

The  excitation  ( /i,)  dependence  of  the  lumines¬ 
cence  line  position  (fiw,,,,,)  is  determined  by  sev¬ 
eral  mechanisms  delivering  contributions  with  op¬ 
posite  signs.  F-or  our  experiments  the  relevant 
mechanisms  are: 

( i )  Many  panicle  effects  ( baiul  fiup  renormaliza¬ 
tion).  The  experimental  estimation  of  the  static 
band  gap  renormalization  due  to  a  given  equilib¬ 
rium  carrier  concentration  is  difficult  to  be  deter¬ 
mined  because  the  "real"  gap  of  a  given  mixed 
crystal  is  not  known  exactly.  I'his  is  one  of  the 
possible  reasons  why  the  variety  of  /;,,(.»,  /  ) 
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relations  for  Hg,  ,Cd,re'  in  the  literature  do  not 
correspond  to  each  other  better  than  a  few  me\  . 
For  samples  with  small  carrier  coneenirations  (as 
compared  with  the  non-equilibrium  carrier  con¬ 
centration  bn  =  bp),  a  dynamic  effect  shi'uld  be 
observable.  An  estimation  for  this  effect  can  he 
made  in  the  framework  of  the  theory  by  Vashishta 
et  al.  [1 1.12]  or  by  Rdpke  et  al,  [13].  and  gives  an 
infrared  (IR)  shift  of  J/-.'  s  -  3  meV  for  bp  =  10' 
cm  '  at  the  present  material  parameters  tor  our 
samples  (Hg,|„sC'd||  ,7re.  W,  s  1.3  meV  and  a^  s 
.7()()rt„). 

(ii)  Hiirstein-Moss  effect.  The  static  Burstein- 
Moss  effect  does  not  contribute  because  our  sam¬ 
ples  are  p-type  (Degenerated  samples  are  not 
investigated  in  this  study.)  The  dynamic 
Burstein-Moss  effect  (hand  filling)  can  be  calcu- 
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lateti  according  tci  ref.  [7]  and  reaches  positive 
values  of  a  few  meV. 

(iii)  Thermal  effect  via  effective  carrier  tem¬ 
perature  (T^)  or  statistics,  respectively.  This  effect 
gives  a  positive  contribution  of  about  JT  =  {kT^. 
for  the  plasma  (see  ref  [7]).  If  localized  cxcitons 
are  considered,  the  increase  of  causes  thermal 
delocalization.  For  our  samples,  thermal  delocal¬ 
ization  energies  (AEy)  amount  to  5-8  meV  and 
produce  a  positive  contribution  (blue  shift). 

(iv)  Thermal  effects  via  lattice  temperature  and 
change  at  EJ.T).  Effects  of  this  type  are  ruled 
out  in  the  experiments  discussed  here  because  of 
the  use  of  PW  PL  for  higher  excitation  densities. 
Due  to  the  positive  sign  of  dEji.'T)/dT  for  .v  < 
0.5.  this  effect  should  produce  a  shift  towards 
hiither  energies. 

The  sum  of  all  these  contributions  can  be 
either  positive  or  negative.  Typical  dependencies 
of  the  PL  peak  position  on  excitation  density  are 
pU'tted  in  Fig.  .7.  As  the  energy  scales  indicate, 
the  behaviour  is  mainly  dependent  on  i>„  and  not 
on  the  mole  fraction  (.v).  However,  for  samples 
with  nearly  the  same  value  of  />„  we  found  a 
composition  dependence  of  the  slope  d(/i(a„,,,J/ 
d/|,  caused  by  the  decreasing  combined  density  of 
states  for  decreasing  .v  (cf.  Fig.  3a). 

The  positive  sUtpe  in  Figs.  3a  and  3b  indicates 
mainly  band  filling,  whereas  the  negative  slope  in 
Figs.  3c  and  3d  essentially  can  be  explained  with 
■dynamic"  band  gap  renormalization.  This  is 
shown  for  the  sample  with  the  smallest  p„  in  Fig. 
3d.  The  dotted  line  is  calculated  following  ref. 
[12]  using  the  relevant  material  parameters.  This 
description  cannot  be  extended  towards  higher 
densities  (see  experimental  data)  because  of  in¬ 
creasing  (see  ref.  [13])  and  the  use  of  Boltz¬ 
mann  statistics  in  ref.  [12].  Fhe  dramatic  infrared 
shift  with  increasing  densities  is  caused  by  contri¬ 
butions  of  stimulated  emission  of  exciton,  as  al¬ 
ready  discussed  in  refs.  [5.14]. 

Fhe  "usual"  behaviour  of  stimulated  emission 
(line  narrowing,  pronounced  bend  in  the  PL  out¬ 
put  versus  excitation  curve  as  well  as  geometry 
effects)  by  electron-hole  plasma  transitions  was 
observed  for  a  Hg||,,,Cd„  ^Te  sample  with  p„  > 
10''’  cm  '.  Furthermore,  temperature  dependen¬ 
cies  of  the  CW  PL  of  various  samples  were  mea¬ 


sured  to  estimate  thermal  dek)calization  energies 
using  relation  ( 1 ): 

AEj={hco„„J>dK)-hco,^Ji.2K)] 

-[E,(5()K)-L,(4.2K)].  (1) 

which  is  valid  for  trapped  intrinsic  excitons.  These 
values  range  (in  agreement  with  ref.  [2])  around 
5-8  meV  without  any  systematic  dependence  on 
the  carrier  concentration. 

3.2.  Magnetic  field  behai  ior  of  the  luminescence 

Magneto-optics  in  Hg ,  _  ,Cd  ,Te  is  a  field  w here 
a  lot  of  experimental  work  has  been  performed  in 
the  l%()s  and  l‘)7()s  [15.1fi].  Magnetotransmission 
experiments  allow  an  c.xact  determination  of  the 
near-io-edge  hand  .structure  ahoi  e  E^.  Knowledge 
of  precise  parameters  determined  in  this  way  is 
an  advantage  for  our  further  discussion  of  the 
elementary  excitations  measured  by  luminescence 
in  the  near-to-edge  region  below  E^. 

In  the  present  work  the  magnetoluminescence 
of  a  number  of  samples  was  measured.  Here  we 
discuss  only  the  data  of  two  samples,  called  (a) 
and  (b)  which  were  chosen  because  the  ft «>„,,,,(  /„) 
dependencies  show  opposite  signs  (Fig.  .3c  dis¬ 
plays  data  from  sample  (b)).  Sample  parameters 
are  listed  in  section  2. 

(i)  For  low  excitation  densities  (CW  PL.  about 
1-10  W  cm  ’)  all  samples  show  only  one  single 
symmetric  line  exhibiting  a  decreasing  full  width 
at  half  maximum  (FWHM)  with  increasing  mag¬ 
netic  field  B.  The  fl-dependent  spectral  position 
for  .sample  (a)  is  di.splaycd  in  Fig.  4a  (full  circles). 
The  insert  illustrates  the  decreasing  FWHM.  A 
plot  for  adequate  data  of  sample  (b)  is  given  in 
Fig.  4b  (full  circles).  The  lines  arc  calculated  and 
will  be  discussed  below. 

(ii)  For  high  excitation  densities  (PW  PL. 
about  KM)  kW  cm  ’)  the  typical  magnetic  field 
behaviour  of  the  PL  for  the  same  samples  differs 
significantly:  For  sample  (b),  besides  the  band 
gap  renormalization  (IR  shift),  the  magnetic  field 
dependence  limks  very  similar  as  compared  to  (i) 
(.sec  empty  triangles  in  Fig.  4b).  The  lineshape 
does  not  change  significantly  with  increasing 
magnetic  field.  Sample  (a)  and  only  other  highly 
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doped  samples  exhibit  a  distinct  line  splittini’  as 
demonstrated  in  Figs.  5a  and  5b. 

For  the  quantitative  interpretation  of  the  ex¬ 
perimental  results,  we  adapted  the  calculations 
given  by  Guldner  et  al.  [15]  using  material  param¬ 
eters  collected  by  Dornhaus  and  Nimtz  [16],  Mag¬ 
netic-field-dependent  free  exciton  binding  ener¬ 
gies  were  used  following  Ekardt  [17].  Taking  into 
account  the  selection  rules  =  0  and  -  0 
(Voigt  geometry)  and  =  ±  1  (Faraday  geom- 
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Fig.  4.  (a)  // it/ dependence  for  sample  (a) (full  circle.s)  at 
7=6  K  tor  /,,  =  10  NV  cm  '  in  Faraday  configuration.  The 
msci  shows  the  decrease  of  the  FWUM  with  increasing  mag¬ 
netic  field,  rhe  lines  are  calculated  as  described  in  the  text 
(doited  line;  lowest  allowed  interband  transition;  dashed  line; 
lowest  allowed  interband  transition  inclusively  corrections  due 
to  free  excitt)n  contributions).  The  absolute  position  on  the 
energy  scale  for  the  calculation  was  chtisen  according  to  Fig. 
^b.  (b)  dependence  for  sample  (b)  (full  circles)  al 

/'  =  6  K  for  /,,  ^  HI  W  cm  '  (full  circles)  and  for  /„  =  MM)  kW 
cm  ’  (triangles)  in  Faraday  configuration.  The  lines  are  cal¬ 
culated  as  described  in  the  text  (dotted  line:  Uwest  allowed 
interband  transition:  dashed  line:  lowest  allowed  interband 
transition  including  corrections  due  to  free  e.xciton  contribu¬ 
tions;  full  line:  estimation  of  the  influence  of  liHralization;  see 
text). 
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Fig.  5.  (a)  PL  spectra  for  sample  ta)  al  zero  and  li  ~  1  at 

/'  =  6  K  and  l„  —  101)  kW  cm  '  in  Faraday  contiguraliim.  lb) 
/i(«>n,,^( /i)  dependence  for  sample  la)  according  to  (a>.  The 
curves  (lull  lines)  represent  the  positions  for  the  lowest  al¬ 
lowed  transitions. 


etry).  we  were  able  to  ealculaic  fan  charts  for 
interband  transitions  and  free  e.xciton  transitions 
(subtracting  the  exciton  binding  energy  li)).  A 
detailed  description  of  the  calculations  will  be 
given  elsewhere  [IS]. 

The  curve  calculated  for  the  lowest  allowed 
interband  transitii'n  in  Faraday  geometry  is  plot¬ 
ted  in  Figs.  4a  and  4b  (dotted  line),  whereas  the 
dashed  line  takes  into  account  the  excitonic  cor¬ 
rections.  For  B  =  U  the  difference  between  the 
curves  is  equal  to  R^.  For  Fig.  5b.  the  two  lowest 
transitions  including  excitonic  corrections  are 
plotted.  All  calculated  curves  are  computed  vcith- 
oitt  any  free  parameters  except  which  can  be 
“shifted"  by  several  meV  (within  the  limits  given 
by  the  error  of  the  chemical  mole  fraction  deter¬ 
mination).  This  possible  "shift"  does  not  changes 
the  material  parameters  significantly  and  conse¬ 
quently  the  magnetic  field  dependencies 
(d(fitan,„)/dft)  are  calculated  without  any  ad¬ 
justable  parameters.  Therefore,  the  displayed  re¬ 
sults  imply  the  following: 

(1)  Obviously,  for  all  samples  the  /iu>,„„(/f)  de¬ 
pendencies  require  excitonic  corrections  (free  ex¬ 
citon  ). 
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(2)  A  complete  fit  in  the  framework  of  free  exci- 

ton  transitions  is  only  possible  for  "strongly" 
doped  samples  in  magnetie  fields  above  4  T  (for 
sample  (a)  y  (4  T)  =  s  13).  especially  for 

higher  excitation  densities. 

(3)  For  fields  below  3  T  (y  <  10).  deviations  be¬ 
come  evident,  especially  for  lower  doped  samples, 
where  excitonie  effects  are  more  pronounced. 

(4)  The  observ'cd  splitting  (Fig.  5)  can  be  quanti¬ 
tatively  explained  with  transitions  between  the 
spin-split  conduction  band  and  the  heavy  hole 
band. 

The  latter  statement  was  proved  with  addi¬ 
tional  measurements  in  Voigt  geometry.  As  ex¬ 
pected.  the  splitting  was  smaller  (  s  lO'^r ).  For 
the  4-7  T  range  we  calculated  d(/«u„,.,.^)/d6  = 

1 ,70f)  +  ().()()4  meV/T  for  the  Faraday  and  I..S6() 
+  0.004  meV/T  for  the  Voigt  geometry.  The 
corresponding  experimental  values  are  2.21  ±  0.07 
and  1.8iS  +  0. 11  meV/T.  The  consideration  of 
linear  shifts  applies  very  well  because  the  bowing 
caused  by  magnetic-field-enhanced  compen¬ 
sates  the  inverse  bowing  caused  by  non-parabolie- 
ity.  The  difference  between  both  corresponds  to 
twice  the  splitting  of  the  parabolic  heavy  hole 
band. 

Nevertheless,  there  are  still  open  questions 
with  respect  to  weaker  magnetic  fields  (><  10) 
where  additional  magnetic  field  dependent  local¬ 
ization  must  be  assumed  to  fit  the  experimental 
data.  A  simple  estimation  for  magnetic-field-de- 
pendent  localization  is  plotted  in  Fig.  4b  as  a  fuli 
line.  F'or  the  calculation  we  assumed  that  this 
contribution  is  inversely  proportional  to  the  vol¬ 
ume  reduction  of  the  free  exciton  in  the  magnetic- 
field . 


4.  Summary 

A  study  of  the  excitonie  luminescence  in 
Hg,  ,Cd,Te  (0.23  <.v  <  0.41)  applying  PL.  PLL 
and  magnetoluminescence  spectroscopy  is  pre¬ 
sented. 

The  samples  for  this  investigation  were  chosen 
mainly  with  respect  to  the  excitonie  contribution 
to  the  luminescence.  Band  gap  renormalization  - 
first  reported  in  this  paper  for  narrow-gap 


Fig  I  ,Cd  ,  Fe  -  was  used  as  a  measure  to  estimate 
contributions  of  electron-electron  (-hole)  inter¬ 
action. 

In  addition,  magnetic-field-dependent  PL 
spectra  are  discussed.  For  all  samples,  magnetic- 
field  dependencies  of  PL  spectra  can  be  fitted 
with  excitonie  corrections  (free  cxcitons)  better 
than  neglecting  them.  The  splittings  of  the  PL 
lines  in  Faraday  and  Voigt  geometry  are  quanti- 
latii  ely  interpreted  as  spin  splittings  of  both  con¬ 
duction  and  heavy'  hole  band. 

Samples  with  comparable  thermal  delocaliza¬ 
tion  energies  of  the  localized  intrinsic  cxcitons 
trapped  in  disorder-induced  potential  wells  ex¬ 
hibit  very'  different  magnetic-field-dependent  lo¬ 
calization.  The  solution  of  this  question  will  im- 
prttve  the  knowledge  about  alloy  disorder  in 
ternary  compounds. 
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Study  of  electronic  structure  in  strained  ZnSe/GaAs  thin  films 
by  nonlinear  optical-  and  Brewster-angle 
reflection  spectroscopies 
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Abstract 

Two  kinds  of  novel  spectroscopic  methods  of  two-photon  resontint  seci'iid-hiirmonie  geneiiition  (SlUit  and 
Brewster-angle  rellection  were  investigated  for  exploring  the  electronic  stnieliire  in  strained  ZnSe  ,  CiaAs  thin  films. 
A  line  splitting  into  two.  which  is  caused  by  in-plane  tensile  strain,  in  the  exeit;iti('n  spectrum  of  the  normtilK 
forbidden  SUCl  signal  was  observed  in  resonance  with  the  2P  exciton.  wheretis  three  lines  in  resotianee  were 
observed  with  the  IS  exciton  polaritons.  In  the  Brewster-angle  rellection  spectrum,  on  the  other  hanil.  only  one 
broad  line  with  the  width  presumably  brotidcned  inhomogeneousK.  was  observed  in  the  IS  exciton  regimi.  Next. 
Brewster-iingle  reHeetion  speetroset'pv  was  also  investigated  in  a  few  samples  of  ZnSe  /.nS  nuanium  wells.  For 
those,  two  split  lines  were  distinctly  observed  in  the  IS  exciton  region,  as  it  should  be.  C'omptirison  between  those 
spectral  lines  and  the  one-photon  excitation  spectrum  of  luminescence  indicates  that  they  are  consistent.  Thus,  it  is 
concluded  thiit  both  methods  should  serve  as  a  simple  and  novel  tool  for  ch;iraeteri/ing  II-Vl  thin  films. 


I.  Introduction 

In  the  Iasi  decade,  a  variety  of  II-VI  thin  films 
have  been  fabricated,  mostly  on  a  CiaAs  sub¬ 
strate.  by  state-of-the-art  epitaxial  growth  meth¬ 
ods.  Those  samples  are  expected  to  be  used  for 
potential  ttpplications  to  diode  lasers  and  opto¬ 
electronic  devices,  operating  in  the  blue-to-green 
region.  The  quality  of  those  heteroepitaxial  sam¬ 
ples  is  different  from  one  to  another,  which  causes 
great  influence  on  the  physical  properties  such  as 
the  band-structural,  electronic,  and  optical  prop¬ 
erties;  an  extent  as  well  as  a  distribution  of  both 


'  (  orrevpiiiuling  author. 


fluctuations  ;it  the  interface  and  strains  inevitably 
involved,  the  latter  being  due  to  the  lattice  mis¬ 
match.  are  always  problems.  In  rvrder  to  establish 
the  best  way  of  fabricating  ;i  sample  of  good 
quality,  simple  and  powerful  methods  of  charac¬ 
terizing  a  sample  are  unquestionably  necessary. 
This  is  also  true  for  exploring  the  electronic 
structure  in  those  samples,  particularly  that  in 
quantum  wells.  Dp  until  now.  several  methods 
have  already  been  introduced  such  as  .X-ray, 
TKM,  Raman  scattering  and  photoluminescence 
excitation  (PLE)  spectroscopy  (!].  However,  those 
complementary  methods  do  not  necessarily  suf¬ 
fice  to  work,  depending  on  the  case.  In  view  of 
the  above  situation,  we  have  tried  to  develop  two 
mwel  methods,  resonant  second-harmonic  gener- 


IK):2-(i:4S/‘M/S(l7.(K)  .  nm  l-.Kcvii-r  Seience  B.V.  All  rights  reserved 
SSDf  )I:(I.S,S4-K 


K.  Inoiw  et  of.  .'Journo!  of  (  n.vw/  (irowifi  /.W  / lS2-ISt) 


iV' 


ation  (RSHG)  and  Brewster-angle  retlection 
(BAR),  both  of  which  have  the  advantage  of 
making  measurements  without  removing  the  sub¬ 
strate.  In  this  paper,  we  have  adopted  two  kinds 
of  strained  thin  films,  i.e.,  ZnSe  thin  film  and 
ZnSe/ZnS  quantum  well,  both  grown  on  a  GaAs 
substrate. 


thick  Zn.S  (barrier)  on  GaAs  without  buffer  and 
cap  layers  were  utilized.  All  measurements  were 
performed  at  4.2  or  2  K. 


3.  Result.s  and  discussion 

Rcsofiani  SHC  spectroscopy 


2.  Experimental  procedure 

A  home-made  repetitively-pulsed  titanium- 
sapphire  laser  (Ti-S  laser)  was  employed  for  an 
experiment  of  RSHG.  This  wavelength-tunable 
laser  had  the  representative  characteristics  of  0.5 
kW  peak  power.  0.3  meV  spectral  width  and  3 
kHz  repetition  rate.  A  focused  beam  from  the 
laser  was  made  incident  on  the  substrate  and 
propagated  perpendicularly  to  the  film  layer  (r- 
axis).  A  SHG  signal  emerging  in  the  forward 
direction  was  collected  by  a  lens,  fed  to  a  single¬ 
grating  monochromater,  and  then  detected  by  a 
cooled  optical  multichannel  deteett'r  of  diode- 
array  type.  The  incident  polarization  was  set  in 
parallel  to  the  .v-  or  ,\-axis.  The  resonant  SHG 
signal  was  observed  with  twice  the  incident  pho¬ 
ton  energy.  Ihio^.  swept  through  the  exciton  re¬ 
gion.  It  should  be  noted  that  no  absorption  of 
incident  beam  due  to  a  GaAs  substrate  twk 
place. 

For  reflection  measurement,  a  conventional 
halogen  lamp,  a  standard  monochromater  and  a 
photomultiplier  were  used.  An  incident-beam  di¬ 
vergence  of  less  than  3°  was  utilized.  As  the 
Brewster  angle,  a  value  calculated  from  the  re¬ 
fractive  index  far  below  the  direct-band-gap  fre¬ 
quency  was  adopted  at  the  first  setting,  and  then 
by  changing  the  incident  angle  around  this  value, 
the  angle  for  getting  the  best  signal  was  experi¬ 
mentally  searched.  F'or  comparison,  the  RLE 
spectrum  was  also  observed  in  each  sample  by 
making  use  of  the  SHG  light  of  Ti-S  laser. 

For  the  ZnSe/GaAs  film,  twer  samples  with 
thicknesses  of  4.8  and  2.1  /urn  were  adopted, 
which  were  fabricated  by  a  MOCVD  technique. 
For  the  ZnSc/ZnS  quantum  well,  a  few  samples 
fabricated  by  a  hot-wall  epitaxy  method  with  ZnSe 
well  thicknesses  from  5(1  to  10  A  against  .50  A 


In  Fig.  I,  examples  of  the  SHG  signal  appear¬ 
ing  as  a  result  of  two-photon  resonance  in  the 
exciton  region  are  shown  for  a  4.8  /.im  thick 
ZnSe/GaAs  sample,  where  the  polarization  of 
the  incident  beam  was  .set  parallel  to  the  y-axis. 
Variation  of  the  SHG  intensity  as  a  function  of 
2/j£t>|.  or  the  excitation  spectrum  of  SHG.  is  also 
shown  in  Fig.  I.  It  can  be  seen  that  three  and  two 
peaks  emerge  in  the  IS  and  2P  exi:iton  regions, 
respectively.  The  SHG  signal  in  the  present  con¬ 
figuration  is  normally  forbidden  in  the  electric- 
dipole  approximation,  since  only  off-diagonal 
SHG  tensors  such  as  </,>.  are  nonvanishing  in 
the  relevant  tetragonal  42m  symmetry  considering 
the  involvement  of  in-plane  strain.  This  is  a  first 
observation  of  a  two-phi'ti>n  resonant  forbidden 
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f  ig.  1.  The  iwo-photon  cxciliition  spectrum  the  iGrbuUicn 
SIK»  in  the  exciton  region  for  u  /.nSe/CiaAs  film,  where 
three  lines  other  than  the  two  marked  (2P  exciton)  lie  in  the 
IS  exciton  region.  In  the  inset,  examples  of  the  Slid  signal 
are  shown  with  the  excitatiem  wavelength 
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SH(i  phenomenon  in  [his  eonfigunition  {2,3],  I'he 
present  eonfiguration  is  much  easier  in  measure¬ 
ment  than  or  superior  to  the  previous  one  [3.4], 
where  incident  light  was  made  propagating  paral¬ 
lel  to  a  ver\  thin  layer.  In  the  case  of  the  2P 
exciton.  the  polariton  effect  may  be  ignored  ow¬ 
ing  to  the  small  oscillator  strength  of  the  r)ne- 
photon  transition.  Consequently,  the  two  ob¬ 
served  lines  can  be  assigned  as  arising  respec¬ 
tively  from  light-hole  (l-h)  and  heavy-hole  (h-h) 
related  2P  excitons  split  due  to  the  in-plane  (bi¬ 
axial)  tensile  strain  caused  by  the  lattice  mis¬ 
match  already  described.  I'roni  the  value  of  en¬ 
ergy  separation,  the  magnitude  of  the  strain  can 
be  estimated  to  be  -  .s  x  It)  '  [4.(i|.  The  spectral 
width  is  presumably  dominated  by  the  inhomo¬ 
geneity.  rather  than  by  the  phase  matching,  un¬ 
like  the  allowed  SH(i  ctise  [2].  In  contrast,  three 
lines  manifest  themselves  in  the  IS  excitvtn  region 
with  the  two  definite  lines  ;ind  a  very  weak  one  in 
between.  The  energy  splitting  between  the  twa) 
definite  lines  does  not  coincide  with  th;it  for  the 
2P  cxciton.  obviously  indicating  that  the  splitting 
is  not  solely  caused  by  strain.  Instetid.  the  split¬ 
ting  may  be  reasonably  interpreted  as  rcllecting 
the  exciton-pohiriton  effect  [7],  the  relevtm;  trans¬ 
verse-longitudinal  splitting  being  l..s  meV,  and 
the  energy  splitting  due  to  the  strain  as  well.  The 
liighest  and  lowest  energy  lines  should  arise  from 
(he  uppermost  and  the  middle  polariton  branches, 
respectively.  .Although  the  energy  location  ob¬ 
served  for  the  former  is  reasonable,  that  for  the 
latter  is  somewhat  lower  compared  to  the  Pl.h. 
rile  reason  for  this  is  nvit  clear  at  present.  I'he 
weak  middle  line  is  very  likely  to  corresponil  to 
the  highest  longitudinal  excitvm,  judging  from  (he 
observed  energy  pvisition.  Since  SMCi  due  to  the 
longitudinal  exciton  is  absolutely  forbidden,  this 
line  might  be  observed  due  to  a  large  collecting 
angle  for  the  signal.  I'his  speculation  may  be 
supported  by  the  fact  that  the  sigmil  in  question 
becomes  larger  when  the  sample  is  slightly  tilted 
relative  to  the  incident  beam  direction.  F  he  spec¬ 
tral  widths  of  the  excittition  spectrum  of  RSIKi 
are  seen  to  differ  from  those  in  the  Pl.Ii  spec¬ 
trum  d  ig.  2).  It  is  speculated  that  the  contribu¬ 
tion  of  inhonKo’cneity  to  the  width  is  different 
between  the  linear  and  nonlinear  spectra,  l-ur- 


ZnSe  (4.8  urn)  GaAs  5  K 


ENERGY  (eV) 


!  lu.  2.  .\n  cvuiipic  «>t  ihc  liAR  spccir.i  *'hscncii  lor  p-  .iiul 
N  polari/alH'n  in  a  /nSc  (ivi/Xv  lilm  Uippcr).  A  ktnnpariM’n 
bclwccn  the  ll\R  la)  .iiul  1^1  I:  Ih)  spcctTvi  i’'  aNo  picsciitoJ 
iU>\scr) 


(her.  the  latter  is  influenced  also  by  the  phase 
mismatch. 

Thus,  we  propose  that  the  piesent  RSIKi 
spectroscopy  should  provide  a  ii'.eliil  tool  for 
characterizing  a  thin  film  such  /i;.Se  (ia.As 
through  the  energy  splitting  and  the  inhomoge¬ 
neous  broiidening  of  the  relevant  cxcitonic  struc¬ 
ture.  In  addition,  the  present  method  is  capablc 
of  examining  easily  the  position-dependent  char¬ 
acteristics  over  the  plane  of  a  sample. 

.42.  Hn’wsirr-uiif’lc  rcjlccliim  spcctrosaypy 

An  exiimple  vif  (he  raw  BAR  spectrum  for  a 
4.S  /am  thick  ZnSe/CiaAs  sample  is  shown  in  l  ig. 
2.  together  with  Pl.li.  A  similar  spectrum  was 
also  observed  in  a  2.1  /am  thick  sample.  A  salient 
structure  can  be  seen  in  the  IS  exciton  region.  It 
was  observed  th;it  the  magnitude  of  the  nonreso¬ 
nant  background  retlcction  for  the  p-polarization 
was  reduced  by  more  than  one  order  of  magni¬ 
tude.  eompared  to  the  normal  incidence  case.  It 
is  likely  that,  in  BAR.  the  background  in  the 
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lower  energy  region  beK)w  the  IS  exeitonie  transi¬ 
tion  is  dominated  by  the  retleetion  from  the  GaAs 
substrate.  As  a  result,  a  elear-eut  but  broad  re- 
tleetion  peak  shows  up  for  the  p-polari2ation.  In 
the  PLE.  however,  as  shown  in  Fig.  2,  whieh  was 
r)hserved  with  almost  normal  ineidenec  eoneern- 
ing  the  ineident  beam,  two  peaks  are  seen  to 
exist,  with  a  weak  one  on  the  shoulder  of  the 
major  one  Tliis  im>.nsity  ratio  observed  is  consid¬ 
ered  to  retleet  the  relative  spin  multiplicity.  It  is 
noted  that  for  the  h-h  e.xciton,  one-photon  ab¬ 
sorption  is  not  allowed  for  |i  z.  with  e,  being  the 
unit  polarization  of  ineident  photon,  while  for  the 
l-h  exeiton.  it  is  allowed  both  for  c,  11  z  and  for 
t',  .1  z.  Taking  this  selection  rules  into  account, 
two  petiks  should  he  observed  with  almost  similar 
relative  strength  in  BAR.  However,  a  computer 
simulation  indicates  that  the  shape  of  the  spec¬ 
trum  depends  crucially  on  the  incident  angle  as 
well  as  on  the  relevant  inhomogeneous  broaden¬ 
ing.  and  that  the  center  frequency  can  also  devi- 
;ite  to  some  extent  from  that  of  PLE.  This  may  be 
the  reason  that  one  brciitd  spectrum  has  been 
obserxed  rather  than  that  with  ;i  two-split  stnic- 
ture.  The  details  of  the  analysis  based  on  ;i  po- 
larilon  picture  will  be  presented  elsewhere. 

.T.T  lircwster-anf’le  ivl'leclion  spccirosatpy  in  ZnSe 
ZnS  (juantiini  wells 

In  Tig.  an  example  of  the  BAR  spectrum  in 
a  .^0  A  ZnSe/.^O  A  ZnS  sample  is  shown,  to¬ 
gether  with  the  Pl.f:  spectrum.  In  the  case  of  a 
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ENERGY  (eV) 

111;  '  An  cx.inipk-  nl  the  PAR  spcilruin  iibsfr\t.'il  in  ;i 

/nSi'  /nS  t|uiintiim  mil  the  t’l  1  speilriim  i*.  shown  lor 
t'onipiirison. 


quantum  well,  the  interpretation  ot  both  results 
bv  two  methods  is  rather  straightfonxard.  since 
an  analysis  not  taking  into  account  the  (lol. niton 
effect  may  be  justified.  It  is  fnund  that  twn  ili  - 
tinct  reflection  peaks  can  be  observed.  1  he  sig¬ 
nals  in  this  case  are  less  clear  than  for  thin  films, 
due  to  the  larger  inhomogeneous  broadening. 
This  is  the  first  Brewster-angle  reflection  mea¬ 
surement.  to  our  best  knowledge,  on  a  Il-VI 
quantum  well  [S].  It  is  noted  that  this  structure 
disappears  in  the  normal  incidence  reflection 
spectrum.  The  respective  peak  energies  are  found 
t(v  be  consistent  with  those  in  the  PI.F  spectrum, 
the  Idrmer  being  somewhat  lower  than  the  latter, 
which  can  be  explained  on  the  basis  of  computer 
simulation,  as  already  described.  The  existence  ol 
two  petiks  can  undoubtedly  be  attributed  to  the 
splitting  of  the  degenerate  IS  exeiton  into  the  l-h 
and  h-h  related  ones  due  to  the  superlattice  po- 
tentiiil  in  tiddition  to  the  strain  (l.dj.  It  is  re¬ 
marked  that  their  spectral  width  should  be  caused 
by  an  inhomogeneous  broadening  m  the  present 
Ciise. 

The  BAR  spectroscopv.  which  allows  the  elim¬ 
ination  of  strong  backgrouiiil  and  Tabrv -Perot 
interference,  may  be  very  useful  for  ch.iracteriz- 
ing  the  electronic  structure  in  ll-\l  thin  film 
samples  including  qiuintum  wells.  If  the  inhomo¬ 
geneous  broiidening  is  sm;ill  enough,  the  weak 
electronic  dettiils  could  be  observed,  examples  of 
which  will  he  presented  in  a  septirate  paper.  It 
should  be  noted  th;it  the  me;tsurement  is  vcia 
easy  to  carry  out  with  ;i  substrate  kept  unre- 
moved.  This  method  may  be  an  alterntitive  wav  to 
direct  one-photon  iibsorption.  and  also  is  supe¬ 
rior  to  PLE  spectroscopy,  since  a  valutiblc  wave¬ 
length  tunable  laser  is  not  neeiled.  Turthermore. 
the  present  one  c;in  be  applied  to  even  such  ;i 
sample  as  not  emitting  luminescence. 
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Abstract 

Wc  report  the  obsersalion  of  a  refractive  nonlinearity  (  -  f  x  It)  em')  in  hulk  ZnTe  crystal  at  waselenyths  just 
below  the  hand  edge,  using  nanosecond  laser  pulses.  A  comparison  with  hand-filling  theory  indicates  that  the 
dynamic  Burstein-Moss  shift  should  he  the  mechanism  responsible  for  the  observed  nonlijiearity.  Optical  limiting 
has  also  been  demonstrated  with  the  us.  of  this  refractive  nonlinearity. 


.' .  Introduction 

In  the  last  decade,  setitieonduefors  exhibiting 
strong  optical  nonlinear  refractive  behavirtur  have 
been  under  intensive  investigatioti  [1].  The  inter¬ 
est  in  these  semiconductors  has  been  stimulated 
by  their  ptttential  in  optical  device  applications 
for  optical  switching  and  optical  limiting.  The 
semiconduettrr  ZnTe  with  a  direct  band-gap  en¬ 
ergy  of  '  2.26  eV  (  '•  550  nm)  at  room  tempera¬ 
ture  represents  a  promising  candidtite  for  such 
applications  in  the  visible  region.  The  thermal 
and  electro-optical  refractive  nonlinearities  in 
ZnTe  have  been  studied  by  Schmidt  et  al.  [2]. 
These  nonlinearities  have  been  employed  to 
demonstrate  optical  bistability  [2|.  The  bound 
electronic  and  free-carrier  refractive  nonlinearity 
at  a  photon  energy  considerably  below  the  band- 
gap  energy  have  also  been  reported  by  Said  et  al. 
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1.^].  By  using  the  Z-sean  technique  with  picosec¬ 
ond  pulses  <'f  1.06  /jm  wiivelength  laser  light, 
they  have  experimentally  found  the  bound  elec 
tronic  nonlinearity  to  be  S..^  x  10  esu  and  the 
free-carrier  nonlinearity  to  be  -  7.5  X  10  cm  '. 

In  this  paper,  we  report  both  the  measurement 
of  free-carrier  nonlinearity  and  the  observation  of 
optical  limiting  in  ZnTe  at  wavelengths  just  below 
the  hand  edge.  The  nonlinear  refraction  in  a  bulk 
Zn  Te  crystal  was  determined  with  the  use  of  the 
method  of  beam  profile  distortion  due  to  self-de- 
foeusing.  By  illuminating  nanosecond  hiser  pulses 
onto  the  Zn  l  e  sample,  the  spatial  profiles  of  the 
transmitted  pulses  were  measured.  By  fitting  a 
sell'-defocusing  model  to  the  experimental  results, 
we  obtained  a  nonlinear  refractive  cross-svction 
which  is  defined  as  the  change  in  the  refractive 
index  per  pair  of  photo-generated  carriers  in  unit 
volume.  The  mechanism  responsible  for  the  b- 
served  free-earrier  nonlinearity  was  discussed. 
Based  on  this  nonlinear  refraction,  wc  also 
demonstrated  optical  limiting  of  nanosecond  laser 
pulses  in  Zn  Te. 
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2.  Nonlinear  refraction 

2. 1.  Hxpchment 

The  cxpcrimenlal  ZnTe  sample  used  in  this 
investigation  was  grown  hy  Bridgman  teehnique. 
I’he  bulk  ery'stal  after  growth  was  cut  into  1.0  mm 
thick  pieces  and  polished  mechanically  and  chem¬ 
ically  on  both  sides.  The  sample  was  examined  by 
Raman  scattering  and  absorption  spectra.  The 
Raman  study  [4]  showed  very  sharp  and  narrow 
Raman  lines,  and  up  to  the  Sth  order  longitudinal 
optical  (LO)  phonon  modes  under  excitations 
from  an  argon  ion  laser,  which  offered  the  evi¬ 
dence  for  the  high  crystalline  perfection  of  our 
experimental  sample.  The  ab.sorption  spectrum 
was  obtained  from  using  a  Hitachi  U-.4410  spec- 
trophi)tometer.  It  was  confirmed  that  at  room 
temperature  the  band-gap  energy  of  the  ZnTe 
crystal  was  2.2.^  eV,  which  agrees  with  the  pub¬ 
lished  result  [5]. 

The  experimental  layout  for  refractive  nonlin¬ 
earity  measurements  is  similar  'o  the  system  de¬ 
scribed  previously  [6]  except  that  a  frequency- 
doubled  Nd  :  YAG  pumped  dye  laser  was  u.sed  to 
generate  optical  pulses  of  duration  b  ns.  The 
spatial  profile  of  the  pulses  was  of  nearly  Gauss¬ 
ian  form  after  employing  a  spatial  filter.  The 
pulses  were  then  focused  onto  the  ZnTe  sample 
by  a  focusing  mirror  (/=  100  cm).  The  sample 
was  placed  at  the  minimum  beam  waist  where  the 
spot  size  r,|  was  100  /im  (half  width  at  e  ’  of  the 
maximum).  The  transmitted  spatial  profiles  were 
n-corded  by  scanning  the  energy  detector  (l  aser 
Precision.  RjP-76.a  probe)  across  the  beam  with  a 
!.■>  /am  diameter  pinhole  mounted  in  the  front. 
I'he  peak  irradiance  of  the  incident  pulses  was 
set  at  the  same  value  during  each  scanning.  In 
order  to  determine  the  sign  of  the  refractive 
nonlinearity  responsible  for  the  observed  effect, 
the  spatial  profiles  of  the  transmitted  tluence 
were  measured  in  the  near  field  ( c  --  b  cm  behind 
the  exit  plane  of  the  sample). 

As  the  wavelength  of  the  laser  pulses  was 
tuned  towards  the  band  edge,  the  irradiance-de- 
pendent  spatial  profiles  t)f  the  transmitted  pulses 
were  tibserved.  I-ig.  1  shows  a  typical  experimen¬ 
tal  measurement  at  a  wavelength  of  .‘ib.4  nm.  The 


(f.) 
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Pig.  I.  Ncar-tic'Id  iransmitlcd  bciim  profiles  ai  peak  meident 
irradiance:  (a)  0.13  MW  enr;  (b)  13  MW  enr;  (c)  2,fi 
MW  cm';  <d)  4.1  MW  enr.  The  snunMh  curves  arc  the 
Iheoretical  fils  described  In  ihe  lexi. 


spatial  profiles  of  the  transmitted  pulses  begin  to 
broaden  when  the  incident  irradiance  is  increased 
to  about  I  MW/cm’.  and  break  up  as  the  inci¬ 
dent  irradiance  arises  to  above  4  MW/cm-.  Simi¬ 
lar  results  were  obtained  for  wavelengths  ranging 
from  .Sbl  to  .‘ib5  nm.  These  experimental  data 
clearly  indicate  that  the  observed  nonlinear  opti¬ 
cal  effect  is  self-defocusing  and  has  a  negative 
sign  for  the  refractive  nonlinearity. 

2.2.  Dviermination  of  frcc-airricr  nonlinearity 

In  Fig.  I.  we  also  present  the  theoretical  curves 
calculated  with  the  following  model.  Free  carri¬ 
ers.  generated  as  a  result  of  single-photon  ab¬ 
sorption  on  the  tail  of  the  hand  edge,  modify  the 
absorption  spectrum  and,  hence,  change  the  re- 
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tractive  index.  The  change  in  refractive  index  may 
be  written  as 

An  =  (T  AN,  ( 1 ) 

where  a  is  the  nonlinear  refractive  cross-section 
and  AN  Is  the  density  of  photo-generated  free 
carriers.  Since  the  duration  of  our  pulses  is  much 
shorter  than  the  carrier  recombination  time  [7] 
(and  ignoring  the  carrier  diffusion).  AN  is  given 
by 

o/  ft 

^^=1-  (2) 

floi  J  X 

where  «  is  the  single-photon  absorption  coeffi¬ 
cient,  <£j  is  the  angular  frequency  of  incident  light, 
ti  is  Planck's  constant  and  4  is  the  peak  irradi- 
ance  inside  the  sample.  By  using  the  Huygens- 
FresncI  propagation  formalism  [8]  with  the  pres¬ 
ence  of  the  nonlinear  refractive  index  governed 
by  Eqs.  (1)  and  (2).  we  calculate  numerically  the 
spatial  profiles  of  the  transmitted  pulses  at  o  cm 
away  from  the  sample  for  various  incident  irradi- 
ances.  The  best  fits  between  the  model  and  the 
experimental  measurements  give  a  <t  value  of 
-(2.8  ±  0.4)  X  10"-'  cm\  It  is  interesting  to  note 
that  this  nonlinearity  is  higher  than  that  found  in 
ZnSc  [3]  by  a  factor  of  about  2. 

2.3.  Band -fill ini’  theory 

We  attribute  the  observed  effect  to  the  nonlin¬ 
ear  refraction  caused  by  a  band-filling  mecha¬ 
nism.  This  mechanism  is  based  on  the  fact  that 
free  carriers  photo-excited  into  the  conduction 
band  partially  block  interband  transitions  above 
the  fundamental  absorption  edge  (dynamic 
Burstein-Moss  shift),  and,  hence,  alter  the  re¬ 
fractive  index  at  the  incident  wavelength.  The 
theoretical  treatment  of  the  band-filling  mecha¬ 
nism  has  been  described  in  detail  [9].  Under  the 
two-band  approximation,  using  the  Kramers- 
Kronig  relations  and  the  Boltzmann  statistics,  the 
nonlinear  refractive  cross-section  can  be  derived 
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where  e  is  the  electric  charge  of  the  electron.  n„ 
is  the  linear  refractive  index,  m  is  the  electron 
mass,  is  the  reduced  mass 

tn,.  and  w,,  are  the  effective  masses  for 
the  conduction  and  heavy-holc  valence  bands, 
respectively). 

4  niF-  1 

P  is  the  momentum  matrix  element  (mP'/lr  is 
approximately  1 1  eV  for  zinc-blende  semiconduc¬ 
tors),  k  is  Boltzmann's  constant,  and  T  is  the 
temperature  in  kelvins.  and  include  the 
effect  of  resonance  between  the  operating  fre¬ 
quency  (a>)  and  the  band-gap  energy  . 

Using  the  published  data  for  w,.  =  0.12»!  [.3]. 
/«„  =  O.bOw  [.S],  =  2.26  eV  [5],  /i,,  =  3.18  [10], 

and  our  experimental  condition  for  T  =  29.3  K. 
hat  ~  2.2  eV.  we  calculate  the  nonlinear  refrac¬ 
tive  cross-sections  to  be  -  3  x  10  cm  \  which  is 
in  good  agreement  with  our  measured  results. 


3.  Optical  limiting 

The  geometry  we  used  for  optical  limiting  was 
a  one-to-one  inverting  telescope  formed  by  two 
focusing  mirrors  (/=  100  cm).  The  .same  ZnTe 
crystal  was  placed  at  the  focus  of  the  first  focus¬ 
ing  mirror.  The  pulsed  laser  radiation  was  pro¬ 
vided  by  the  same  laser  system.  As  the  input 
pulse  irradiance  was  varied  from  0.1  to  10 
MW/cm’,  both  input  and  output  light  energy 
were  simultaneously  monitored  by  using  a  cali¬ 
brated  beam  splitter  and  two  Laser  Precision 
energy  probes.  A  limiting  behaviour  was  observed 
due  to  interband  absorption  and  subsequent  pho- 
togencrated  free-carrier  dcfwusing.  The  optical 
limiting  capabilities  are  very  much  dependent  on 
the  operating  wavelength.  At  .362  nm,  the  ab.sorp- 


^1 


1^0 


IW  Ji  ct  (il.  /  Jounui!  of  Crystal 


u 

2 


u 

u 


E 

w 

c 

<0 

E- 


ZnTe 


Incident  Irradiance  (MW/cm’  ) 

Fig.  2.  The  transmitted  irradiance  as  a  function  of  the  inci¬ 
dent  irradiance  of  the  pulses  at  wavelengths  of:  (  a  )  562  nm; 
(C'l  565  nm;  (□)  564  nm;  (  )  565  nm.  The  curves  are  guides 
to  the  eye. 


tion  coefficient  is  high,  a  large  density  of  free 
carriers  is  thereby  created,  resulting  in  a  strong 
self-defocusing  effect.  Thus  a  lower  limiting 
threshold  (  ~  1.3  MW/cm’)  is  observed,  as  shown 
in  Fig.  2.  When  the  input  irradiance  is  above  1.5 
MW/cm’,  the  output  irradiance  is  effectively  sat¬ 
urated  at  60  kW/cm'.  The  ZnTe  crystal  contin¬ 
ued  to  regulate  the  output  irradiance  until  a 
permanent  melting  damage  occurred  on  the  sur¬ 
face  of  the  crystal.  The  single-shot  damage 
threshold  was  found  to  range  from  8  to  10 
MW/cm'.  As  the  wavelength  of  laser  pulses  was 
tuned  away  from  the  band  edge,  the  absorption 
process  became  less  efficient,  and  hence  the  lim¬ 
iting  behaviour  was  less  pronounced,  which  is 
consistent  with  our  observation  of  the  wave¬ 
length-dependent  limiting  performance  shown  in 
Fig.  2. 
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4.  Conclusion 


We  have  observed  and  quantified  a  relatively 
large,  room-temperature  refractive  nonlinearity 
of  electronic  origin  in  ZnTe  at  wavelengths  just 
below  the  band-gap  energy.  The  refractive  non¬ 
linearity  is  found  to  be  in  agreement  with  a 
band-filling  model.  Based  on  the  observed  non¬ 
linear  refraction,  the  optical  limiting  of  nanosec¬ 
ond  laser  pulses  in  ZnTe  has  been  demonstrated. 
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Abstract 

The  internal  piczoficlds  in  strained  layer  CdS/CdSe  superlattices  lead  to  a  strong  delormation  of  the  bandstrue- 
ture  due  to  a  large  lattice  mismatch.  A  screening  of  these  piczo-fields  by  increasing  carrier  densities  leads  to  a  blue 
shift  of  the  emission  by  4t)tl  meV.  The  experiments  and  the  calculation  of  the  eigenstates  clearly  show  this  effect, 
leading  to  a  shift  of  the  spectral  emission  maximum  with  the  logarithm  of  delay  time  after  ps  excitation.  First  CW 
pump-and-probe  beam  experiments  reveal  the  blue  shift  of  higher  subbands. 


1.  Introduction 

Compound  .semiconductors  with.  c.g..  zinc- 
hlcndc  type  (Tj)  or  wurtzitc  type  (C„^)  symme¬ 
tries  show  the  piezo-effect  under  applied  stress. 
The  same  holds  for  strained  layer  supcrlatticcs 
prepared  from  such  materials.  The  situation  for 
cubic  Il-IV  materials  has  been  reviewed  recently 
[1].  We  conccrtratc  here  on  the  band  structure 
and  the  optical  properties  of  hexagonal 
CdS/CdSe  superlattices  under  the  coupled  influ¬ 
ences  of  piezo-fields  and  optically  e.xcited  elec¬ 
tron-hole  pairs.  We  vary  the  concentration  of 
carrier  pairs  from  close  to  zero  (  <  10*’  cm  •)  up 
to  the  onset  of  stimulated  emission  (  >  10' '  cm  " ). 
First  results  for  this  system  have  been  published 
already  in  refs.  [2,.'?]. 
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2.  Results  and  discussion 

In  contrast  to  the  MOVPE  technique  used  in 
ref.  [2].  the  samples  presented  here  have  been 
grown  by  hot-wall-beam  epitaxy  on  GaAs  (111) 
substrates  with  CdS  buffer  and  cladding  layers. 
The  SL  contain  typically  .10  periods  of  CdS/CdSe 
layers  of  nominally  equal  thickne.s.ses  around  5 
nm.  Details  are  given  in  refs.  [.1.4].  In  Fig.  1  we 
show  self-consistently  calculated  band  structures 
and  envelope  wavefunctions  of  electrons  and 
holes  for  the  first  two  minibands  at  the  zone- 
centre  k .  =  ()  at  two  different  carrier  densities. 
Details  of  this  calculations  are  given  elsewhere 
For  ='ih~  1-2  X  10''  cm  '.  the  carrier  in¬ 
fluence  on  the  bandstructure  is  almost  negligible. 
One  can  nicely  .see  the  alternating  tilt  of  the  band 
bottoms  which  results,  similarly  to  the  quantum- 
confined  Stark  effect  (QCSE)  [6].  in  a  red  shift  of 
the  transition  energies  compared  to  the  flat-band 
situation.  The  internal  piezo-fields  are  in  the 
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order  of  10''  V/m  compared  to  values  around  10^ 
V/m  in  the  cubic  ll-iV  superlattices  [1]  and  in 
OCSb  devices  [6],  For  increasing  carrier  densi¬ 
ties,  the  band  structure  approaches  this  flat  band 
situation  due  to  the  screening  of  the  piezo-fields 
by  the  carriers.  Simultaneously,  the  transition  en¬ 
ergies  shift  to  the  blue  by  about  0.4  eV,  and  the 
spatial  overlap  of  the  wavefunctions  increases.  In 
Fig.  2  we  show  emission  spectra  of  a  CdS/CdSe 
SL  under  CW  and  ns  pulsed  excitation.  The  emis¬ 
sion  for  a  sample  with  a  total  period  length  of  8 
nm  starts  under  CW  Fig  lamp  excitation  (not 
shown  here)  at  1.43  eV,  shifts  under  CW  He-Ne 
laser  excitation  at  4,^.  =  10  W/cm’  to  1.58  eV 
and  continues  under  pulsed  ns  excitation  up  to 
1.8  eV  in  agreement  with  the  calculations  in  Fig. 
1.  At  the  highest  pump  powers  stimulated  emis¬ 
sion  sets  in.  This  topic  is  treated  in  more  detail  in 
ref.  [7], 

The  temporal  evolution  of  the  emission  maxi¬ 
mum  of  a  sample  with  a  period  length  of  12  nm 
has  been  investigated  after  excitation  with  70  ps 
pulses  from  a  quenched  cavity  dye  laser  at  2.47 
eV.  The  emission  which  has  been  recorded  by  a 
streak  camera  shifts  with  time  from  about  1.71 


eV  down  to  1.56  eV  at  the  detection  threshold,  as 
shown  in  the  inset  of  Fig.  3.  The  remarkable 
point  is  that  this  energy  shift  follows  a  logarith¬ 
mic  law  over  several  decades  of  time  delay.  This 
behaviour  is  derived  also  from  theory.  It  is  a 
consequence  of  the  decreasing  overlap  of  the 
electron  and  hole  wave  functions  with  decreasing 
electron-hole  pair  density.  Details  of  the  calcula¬ 
tions  are  again  given  in  [5]. 

In  Fig.  4  we  show  first  results  of  CW  pump- 
and-probe  beam  experiments  using  a  He-Ne  laser 
as  c.xcitation  source.  A  sample  has  been  glued  on 
a  sapphire  chip  and  the  GaAs  substrate  has  been 
removed  by  selective  etching.  We  see  in  Fig.  4 
Fabry- Perot  modes  in  the  transparent  part  of  the 
.spectrum  below  1.7  eV  and  the  onset  of  the 
absorption  of  the  CdS  buffer  and  cladding  layers 
around  2.5  cV.  The  onset  of  the  absorption  of  the 
CdS/CdSe  SL  starting  around  1.7  eV  is  rather 
weak.  This  is  due  to  the  low  total  thickness  of 
CdSe  of  30  X  6  nm  only.  Also  the  weak  overlap  of 
the  electron  and  hole  wave  functions  (see  Fig.  1) 
reduces  the  absorption  of  the  lower  minibands. 
Under  CW  excitation  of  0.5  W/em-  with  a  He- 
Ne  laser,  we  gel  a  clear  signal  in  the  differential 


growth  direction  (A) 


Fig.  I.  Calculated  band  structure  and  squared  wavefunctions  of  the  lowest  lwt>  minibands  in  a  CdS  ^CdSe  SI.  for  low  excitatitm  of 
1.2  X  10*'  cm  '  (a)  and  high  excitation  of  1.2  x  lO'^  cm  ’  (bK 
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<  (.IS  ('  nm  CilSo)  under  iiK'icasIni;  CW  excitation  with  a 
lie  Ne  taxer  and  under  pulsed  ns  excitation  at  3ll  K. 


transmissidti  spectra  (DI'S)  (t-ig.  4).  which  is 
caused  hy  a  blue  shift  of  the  minibtinds  in  analogy 
to  the  behtiviour  of  the  emission  in  Fig.  2.  VVe 
resolve  three  different  minihands.  An  extension 
of  these  measurements  to  higher  pump  powers 
and  an  exact  identification  of  the  structures  are 
under  way. 


3.  Conclusion  and  outlook 

It  has  been  shown  that  C’dS/C'dSe  SL  show 
promising  linear  and  nonlinear  optical  properties 
in  the  red  part  of  the  spectrum,  complementing 
thus  the  Zn.Se-based  structures  for  the  blue-green 
spectral  range.  The  growth  and  the  emission 
wavelength  of  these  structures  are  Nnh  compati¬ 
ble  with  standard  AlCiaAs  MOW  structures.  The 
shift  of  the  emission  due  to  screening  of  the 
internal  pie/o-fields  is  0.4  eV.  more  than  an 


Fig.  3.  ('alculalcd  and  measured  shit’  I't  the  eniissii>n  maxi¬ 
mum  as  luiHiii>n  id  lime  alter  ps  pulsed  exeitation. 


photon  cnergx  (oV ) 

Fig.  4.  Absorption  spectrum  and  DIS  speciriini  ol  a 
(  dS/C'dSe  SI.  a!  2(1  K. 
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order  of  magnitude  larger  than  the  one  obtained 
with  external  fields  in  SEED  devices  based  on  the 
OCSE.  Consequently,  interesting  a.spects  of  ap¬ 
plication  may  emerge  for  this  system  in  the  fu¬ 
ture. 


4.  Acknowledgement 

This  work  has  been  supported  by  the  Deutsche 
F'orschungsgemeinschaft. 


5.  References 

[l]  J.  C'iberl.  R,  Andre.  Bridin.  G.  Feuillel,  P.ll.  Jeuncau 
iind  l.e  Si  Dant!.  in:  Eurirphysics  C'onl.  Abstracts  I7A.  SC' 
WII  (Phvs,  Seripta.  to  be  published). 

17]  \.  Chen.  P.J.  Parbrpok.  C.  Treat’er-Ciman.  B.  Henderson. 


K.P. O'Donnell.  M.P.  tlalsal.  J.J.  Davies.  J.E.  NiehoK.  P.J, 
Wright  and  B.  C'oekayne.  Semieond.  Sci.  Teehnol.  .s  (lyvk)) 
W; 

M.P.  Halsall.  J.E.  Nicholls.  J.J.  Davies.  B.  C'vK'kayne  and 
P.J.  Wright.  J.  Appl.  Phys.  71  (1W7)  ')()7: 

D.  Wolverson.  M.P.  Jlatsalt  and  J.J.  Davies.  Semieond. 
Sci.  Teehnol.  bdWI)  A  17.7. 

l.tj  M.  Griin.  U.  Becker.  Th.  Gilsdorf.  M.  Hetterieh.  H. 
Giessen.  H.  Zangerle.  M.  Muller,  J.  Loidolt,  F.  Zhou  and 
Klingshirn.  in:  Priw.  71st  Int.  C'onl.  on  Physics  of 
Semiconductors.  Beijing.  IW7.  Eds.  Ping  Jiang  and  Mou- 
Zhi  Zeng  (World  Scientific.  Singapore.  l')')7). 

(4)  M.  Griin.  M.  Hetterieh.  C'.  Klingshirn.  .A.  Rosenauer.  J. 
Zweek  and  W.  Gebhardl.  J.  C'rystal  Cirowth  1.4,s  (1444) 
l.si). 

[5]  W.  Langbein.  11.  Kail.  M.  Hetterieh.  M.  Ciriin  and  C 
Klingshirn.  Appl.  Phys.  Lett.,  submitted. 

lb]  DAB  Miller.  D.S.  C'hemla  and  S.  Schmitt-Rink.  Phys  Rev 
B  .47  ( 14Sh)  b47h.  and  relerences  therein. 

|7)  C'.  Klingshirn.  H.  Kail.  M.  Umlauff.  W.  Petri.  F.A.  Ma- 
jumder.  S.V.  Bogdanov.  W.  Langbein.  M.  Griin.  M.  Het- 
terich.  K.P.  Geyzers.  M  Heuken.  .A.  Naumov.  H.  Slan/I 
and  W.  Gebhardl.  J.  Crystal  Growth  I.7S  (1444)  7sh, 


...  c.  CRYSTAL 
GROWTH 


HI.SKVU-R  Jouinalol  CrystaIC.rowth  !3S(1W4)  mS-IMS 


Resonant  Brillouin  scattering  in  biaxially  strained  ZnSe 

H.  Mayer  U.  Rossler  *  S.  Permogorov  H.  Stolz  H.  Vogelsang 

W.  von  der  Osten 

■'  histitui  fi'tr  'I'hcoretisfhc  Piiysik.  Vniiersitiii  Rt'fifnshur^.  iiermany 

^  Fachben'uh  Pliystk.  Utm  t'rsiiiil-dHSPtnlcrbtint.  lyjM)PS  Putlcrhitrn.  (irrniany 


Abstract 

Resonant  Brillouin  scattering  experiments  have  been  performed  in  the  IS  exeiton  region  id  ZnSe  layers  grown  on 
CiaAs  substrate.  Information  about  the  biaxial  strain  in  the  ZnSe  epilayer.  the  exchange  splitting  tS.  and  the 
longitudinal-transverse  splitting  J,  ,  can  be  obtained  bv  comparing  the  experimental  Stokes  shifts  with  those 
calculated  from  the  dispersion  of  the  IS  e.xciton-ptrlariton  in  the  strained  crystal.  For  these  calculations  we  used  a 
Hamiltonian  which  contains  the  kinetic  energy  of  the  exeiton  center-of-mass  motion,  the  electron-hole  exchange 
interaction  and  the  strain-induced  effects.  The  polariton  dispersion  is  calculated  using  a  multi-component  oscillator 
model.  We  find  a  quantitative  agreement  between  the  calculated  and  experimental  Stokes  shifts  for  a  biaxial  strain 
of  and  exchange  parameters  f>  =  0.4  meV  and  J,  y  =  1.2  meV. 


1.  Introduction 

Resonant  Brillouin  scattering  (RBS)  of  e.xci- 
lon-polaritons  is  a  very  useful  tool  for  investigat¬ 
ing  the  polariton  di.spcrsion  in  the  spectral  region 
of  the  exeiton  resonance  [I].  For  a  given  energy  of 
the  incident  photon,  the  scattered  light  spectra 
show  various  lines  with  lower  (Stokes)  or  higher 
(anti-Stokes)  energy,  due  to  polariton  scattering 
by  emission  or  absorption  of  an  acoustic  phonon. 
Sweeping  the  photon  frequency  through  the  exci- 
tonic  resonance  yields  a  whole  system  of  observed 
shifts,  from  which  the  polariton  dispersion  can  be 
deduced. 

About  one  decade  ago.  resonant  Brillouin 
scattering  experiments  in  Zn.Se  bulk  material  have 
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been  used  to  determine  a  complete  set  t)f  param¬ 
eters  for  this  material  [2].  Recently.  RBS  could  be 
observed  in  a  Zn.Se  epitaxial  layer  grown  on  GaAs 
1-'^].  In  the  present  paper  we  report  the  detailed 
analysis  of  these  experiments. 

Lattice  mismatch  and  different  thermal  expan¬ 
sion  coefficients  of  the  GaAs  substrate  and  ZnSe 
cause  a  biaxial  strain  in  the  epilayer  upon  cooling 
down  the  sample  from  the  growth  temperature  of 
.^4()°C  down  to  2  K.  In  addition  to  an  overall  shift 
of  the  IS  exeiton  resonance,  the  strain  also  modi¬ 
fies  the  internal  structure  of  the  resonance.  A 
theoretical  model  which  describes  the  dispersion 
of  the  IS  exciton-polariton  [4]  will  be  applied  to 
explain  the  experimentally  observed  Stokes  shifts. 

2.  Experiment 

The  epitaxial  ZnSe  layers  (thickness  10  ^m) 
were  grown  by  conventional  mctalorganic  vapor 
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phase  epitaxy  (MOVPE)  technique  on  (l(K))  ori¬ 
ented  GaAs  substrates  at  7  =  340°C  using  ex¬ 
tremely  pure  source  materials.  The  optical  mea¬ 
surements  at  7  =  2  K  were  performed  in  a  9()° 
scattering  geometry  with  the  light  entering  the 
epilayer  under  Brewster's  angle  (a,,  --  70°).  Due 
to  the  large  refractive  index  of  ZnSe  (n  =  2.85). 
this  geometry  corresponds  to  nearly  180° 
backscattering  with  the  propagation  directions  of 
incident  and  scattered  light  oriented  under  angles 
of  20°  and  7°  to  the  surface  normal  [3], 

For  excitation  we  used  a  pulsed  dye  laser 
(pulsewidth  33  ps,  average  excitation  power  10 
W/cm’)  synchronously  pumped  at  76  MHz  by 
the  third  harmonies  of  a  modc-IcKked  Nd-YLF 
la.ser.  The  emission  of  the  sample  was  dispersed 
by  a  double  grating  monochromator  and  detected 
by  a  microchannel  plate  photomultiplier  operat¬ 
ing  in  single  photon  counting  mode  (time  resolu¬ 
tion  50  ps).  Compared  to  the  usual  method  of 
Brillouin  spectroscopy,  by  sampling  the  intensity 
only  during  the  laser  pulse  our  technique  allows 
to  efficiently  discriminate  the  fast  scattering  lines 
from  the  longer  lived  luminescence  background 
that  has  plagued  previous  investigations  [2). 


-1.7 

-1.2 


1,8 

-  *5  , 
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Stokes  shift  (meV) 

1  If!.  I.  nrilltium  stallcring  spctlra  iinilcr  rcMinanl  cxcilalion 
til  the  IS  oxiiltin  iransiliiin.  Ihc  scallcrcil  inlcnsily  al  energy 
/..  is  pltitleil  against  the  Sltikes  shift  /■..  /•,,  with  the  exeita- 

tkm  pholiin  energy  /•,,  given  as  r  =  -  2802  meV.  The  Bril- 

Itniin  lines  are  indicated  by  vertical  bars. 


For  above-bandgap  excitation  the  emission 
spectra  of  our  samples  contain  strong  free  but 
comparatively  weak  bound  exciton  luminescence, 
implying  a  high  purity  of  the  samples.  Tuning  the 
excitation  laser  frequency  into  resonance  with  the 
free  exciton  transitions  leads  to  the  appearance 
of  additional  strong  narrow  lines  with  pro¬ 
nounced  resonance  behaviour  (Fig.  1).  Their  shift 
with  re.spect  to  the  exciting  laser  line  depends  on 
the  laser  energy  resulting  in  a  strong  dispersive 
behaviour  (see  Fig.  3).  This  allows  one  to  inter¬ 
pret  these  lines  as  due  to  RBS  of  cxciton-polari- 
tons. 

The  clear  occurrence  of  Brillouin  scattering 
indicates  the  very  high  quality  of  our  samples.  It 
means  that  inelastic  scattering  by  acoustic 
phonons  constitutes  the  most  important  mecha¬ 
nism  of  exciton  relaxation  and  that  elastic  scatter¬ 
ing  in  A: -space  by  impurities  or  defects  does  not 
blur  this  process  significantly. 


3.  Theory 

For  a  quantitative  analysis  of  the  experiment  a 
detailed  description  of  the  dispersion  of  the  po- 
lariton  states  is  needed.  We  use  the  Hamiltonian 
given  in  ref.  [4]  to  de.scribe  the  IS  exciton  states, 
including  the  effects  of  electron-hole  exchange 
interaction  (or  fine-structure  splitting),  the  effect 
of  biaxial  strain  and  the  influence  of  a  finite 
centre-of-mass  wave  vector. 

The  electron-hole  exchange  Hamiltonian  is 
written  as 

//v,vh=‘^n+  ^^(3-  40-  7)  +//,  ,  .  (1) 

where  S  is  the  exchange  energy  and  //,  ,  gives 
the  longitudinal-transverse  splitting  J,  ,. 

For  biaxial  strain  along  a  [(K)l]  cry'stal 
axis,  the  strain  tensor  components  are  given  by 
«>.=«>.=  fbmx  and  e,_  =  2e^„,.V|  V(  'n  -H  .v,,). 
with  the  compliance  constants  .Vn  and  .v,.. 

Diagonalization  of  the  8  x  8  Hamiltonian  ma¬ 
trix  yields  the  exciton  energies  a»^.,^  ,(A)  and  the 
corresponding  eigenvectors  for  given  k  and 
from  which  the  oscillator  strengths  /3,(ilt)  can  be 
calculated  [4].  The  p<ylariton  energies  «tp„|„(it) 
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result  from  a  multi-component  polariton  expres¬ 
sion  [5]; 


e(k,  (o)  = 


k'c- 


-  H 

I  1 


4^l3,{k)coi,,{k) 


(2) 


where  is  the  background  dielectric  constant. 

Once  the  polariton  dispersion  is  obtained,  it  is 
straightforward  to  deduce  the  resulting  Stokes 
shifts  for  emission  of  acoustic  phonons.  For  the 
phonon  wave  vectors  involved  in  RBS  experi¬ 
ments  the  phonon  frequency  is  linear  in  the  wave 
vector  and  determined  by  the  sound  velocity  i\. 
For  the  quasi-backscattering  geometry  used  in 
the  experiment  the  wave  vectors  of  incident  and 
scattered  photon  are  approximately  =  (0,  0,  k,) 
and  /(:.  =  ((),  0.  -A\).  The  con.servation  laws  for 
momentum  and  energy  for  scattering  from  polari¬ 
ton  branch  m  to  polariton  branch  n  for  the 
Stokes  process  thus  read: 

A',  +  A-.=r/.  (3) 

^poi.wd^'i)  t.r/.  (■f) 

Solving  these  conditions  for  given  energy  E  ~ 
^’“'poi.m  the  incident  photon  yields  the  desired 
Stokes  shifts 


For  the  experimental  setup  described  above 
there  are  two  dipole-active  exciton  components, 
which  give  three  polariton  branches,  usually  la¬ 
belled  as  U  (upper).  I  (intermediate)  and  L 
(lower).  Scattering  may  occur  between  any  of 
the.se.  thus  leading  to  at  most  nine  Stokes  or 
anti-Stokes  lines. 


4.  Results 

A  parameter  set  for  unstrained  ZnSe  has  been 
determined  by  Sermage  and  Fishman  (<5  =  -0.08 
meV.  J,  I  =  1.4.5  meV)  [2].  Rellection  data  ob¬ 
tained  from  the  strained  crystal,  however,  indi¬ 
cate  that  a  significantly  different  value  has  to  be 
used  for  the  exchange  parameter  <5  [.f].  Moreover. 


the  exchange  parameter  as  determined  by  fit¬ 
ting  to  experimental  data  in  ref.  [2]  was  found  to 
be  negative  in  contrast  to  general  considerations 
according  to  which  S  has  to  be  positive. 

The  biaxial  strain  in  the  ZnSe  layer  is  due  to 
two  effects:  ( 1 )  Due  to  lattice  mismatch  between 
the  GaAs  substrate  and  the  Zn.Se  epilayer  of 
—  0.25C^  there  is  a  compressive  strain,  which  in 
the  growth  proce.ss  is  relaxed  up  to  an  unknown 
extent  .  (2)  Upon  cooling  down  the  sample 
from  the  growth  temperature  (.'(4()°C)  to  2  K.  an 
additional  tensile  strain  CnK-rm  “  ^  **  **‘^  results 
from  the  different  thermal  expansion  coefficients: 

Clhcrn,  =  f  As(  ^  “  «/nS.(  T  >]  (  f>) 

•'.UdC 

The  biaxial  strain  in  the  epilayer  is  the  net  effect 
of  both  strains: 

”  ^.r40  (‘  ^  ^ihcrni  •  (  2) 

The  value  of  -t- ().().^'“r  was  determined 

by  fitting  the  calculated  Stokes  shifts  to  the  ex¬ 
perimental  values  using  the  parameter  set  of  ref. 


Fig.  2.  Calculated  IS  cxcilon  (dashed  lines)  and  pidaritim 
(solid  lines)  branches  lor  itlKOOl)  and  [l)()l|  biaxial  strain 
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Fig.  [:xpcrinu*nial  Stokes  shifts  anti  calculated  shifts  ft>r 
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[2]  and  the  deformation  potentials  and  compli¬ 
ance  constants  from  the  Landolt-Bdrnstein  ta¬ 
bles  [6],  This  value  of  means  that  the  com¬ 
pressive  strain  at  growth  temperature  was  e,4ii( 
=  -0.06'^;  and  is  overcompensated  by  the  ther¬ 
mal  effect  to  give  a  tensile  strain  at  2  K.  This  fit 
was  then  improved  by  variation  of  <5  and  J,  p.  We 
fi>und  best  agreement  for  6  =  0.4  meV  and  J, , 
=  1.2  meV. 

The  resulting  polariton  dispersion  and  the 
Stokes  shifts  for  =  +0.039r  and  our  parame¬ 
ters  are  displayed  in  Figs.  2  and  3.  For  photon 
energies  below  2S(H).6  meV,  only  a  single  Stokes 
line  is  observed,  which  can  be  ascribed  to  .scatter¬ 
ing  between  the  lower  polariton  branch  (S,,  ). 
With  increasing  photon  energies,  a  .second  line 


appears  which  is  detected  up  to  photon  energies 
of  2805  meV.  For  energies  below  2802.6  meV'. 
this  line  is  associated  with  scattering  from  and  to 
the  low-energy  intermediate  branch.  For  energies 
between  2802.6  and  2803.6  meV.  it  might  be  due 
to  .scattering  from  the  high-energy  lower  branch 
to  the  low-energy  intermediate  branch.  Finally, 
for  energies  above  2803.6  meV,  this  line  is  as¬ 
signed  to  scattering  from  and  to  the  high-energy 
lower  branch.  For  energies  above  2803  meV.  an 
additional  line  shows  up  in  the  experiment,  which 
is  detected  up  to  a  photon  energy  of  2805.2  meV. 
This  line  is  ascribed  to  scattering  from  the  upper 
to  the  high-energy  lower  polariton  branch.  No 
.scattering  between  the  upper  polariton  branch 
(8^,^  )  is  observed,  which  is  due  to  the  stray  light 
from  the  surface. 
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Abstract 

The  cxcitonic  line  broadening  of  both  donor  and  acceptor  bound  cxeitons  in  bulk  Cd ,  ,  Zn  ,Te  crxstal  grown  from 
Te  solution  has  been  investigated.  The  maximum  linewidth  of  3  meV  for  the  neutral  donor  bound  e.xciton  (D".\) 
emission  is  for  the  first  time  determined  and  is  in  e.xcellent  agreement  with  the  existing  theorv.  On  the  other  hand, 
the  linewidth  of  10  meV  tor  the  acceptor  bttund  exciton  (A"X)  in  a  highly  alloyed  sample  seems  ti'  be  incompatible 
with  the  theory.  With  an  increase  in  measurement  temperature,  the  A"X  emission  quenches  much  faster  with  larger 
red  shift  than  the  D"X  emission.  This  observation  indicates  that  the  binding  energy  of  the  exciton  to  the  acceptor 
itself  is  distributed.  In  addition  to  the  generally  accepted  alloy  broadening  mechanism  (microscopic  compositional 
fluctuation),  this  distribution  is  probably  the  cause  of  the  A"X  line  broadening. 


I.  Introduction 

The  excitonie  line  broadening  due  to  micro¬ 
scopic  compositional  fluctuation  in  Cd,  ,Zn,Tc 
crystals  is  reported  for  MBE  grown  thin  films  [I] 
and  THM  grown  bulk  crystals  [2].  The  linewidth 
of  10  meV  for  neutral  copper  bound  exciton 
emission  in  highly  alloyed  samples  [2],  however, 
seems  to  be  much  larger  than  the  value  expected 
from  the  recent  theoretical  work  of  Zimmermann 
[.3].  According  to  the  theory,  a  maximum  linewidth 
of  as  much  as  .3  meV  is  expected  for  bound 
exciton  emission  in  Cd,  ,Zn,Te  crystal.  Oct- 
tinger  et  al.  [2]  proposed  a  "pseudo-donttr"  model 
in  order  to  account  for  this  large  discrepancy. 


^  Corresponding  iiuihor. 


Cohen  ct  al.  [4]  investigated  the  alloy  broadening 
for  very  limited  compositions  (.v  =  0.03  and  0.1) 
in  their  literature  on  the  damping  processes  of 
cxeitons  in  Cd|  _ , Zn,Tc.  However,  no  systematic 
investigations  on  the  broadening  of  donor  bound 
exciton  emission  (D"X)  line  width  of  this  mate¬ 
rial  have  been  reported.  We  therefore  measured 
the  composition  dependent  broadening  of  both 
donor  and  aeceptor  bound  exciton  lines  in  donor 
doped  C'd, .  ,Zn,Te  cry'stals  grown  from  I'c  solu¬ 
tion. 


2.  Experimental  procedure 

The  samples  used  for  the  measurements  were 
grown  from  Te  solution.  The  growth  temperature 
was  about  2(K)°C  lower  than  the  melting  point 


(HI22-U24S/>)4/S()7.(M)  <  pw  PIsevier  .Science  B.V.  All  rights  reserved 
SSD!  ()()22-()24S(y.t  )i;i)(>'lh-X 


K.  Suzuki  t’l  III.  / Jounuil  of  C'nstiil  (inm ill  LiS(lW4l  /W 


:()() 

because  of  the  starting  eomp»)sition  in  excess  of 
fe  ((Ccl.Zn) ;  Te  =  ;  7).  Indium-doped  CdTe 

crystal  (lx  10"'  cm  ')  grown  by  conventional 
gradient  freeze  method  and  purchased  ZnTe 
polycrystal  (6N)  were  used  as  starting  materials. 
I'he  growth  ampoule  was  set  in  a  3-zonc  furnace 
whose  temperature  was  electrically  controlled  to 
realize  the  relative  translation  motion  between 
the  ampoule  and  the  furnace.  In  order  to  cover 
the  complete  .v  range,  several  ingots  with  differ¬ 
ent  Zn/Cd  ratio  were  grown.  Since  Vegard's  law 
is  valid  in  this  alloy  system  [3],  the  composition  of 
the  crystals  was  determined  from  the  change  in 
the  lattice  constant  by  using  X-ray  diffraction 
measuremen's.  The  composition  of  some  of  the 
samples  was  also  measured  by  proton  induced 
X-ray  emission  (I’l.XC)  method.  Good  agreement 
was  obtained  between  those  two  methods.  Details 
of  the  growth  and  the  crystalline  quality  ol  the 
solution  grown  Cd,  ,7;i,Te  crystals  will  be  re¬ 
ported  separately. 

The  grown  samples  were  sliced,  polished  and 
etched  with  Br  in  methanol  solution.  Some  of 
the  samples  were  sliced  parallel  to  the  (111)  face 
and  their  etch  pit  densities  were  measured  by 
using  Nakagawa  etchant  [6].  A  dislocation  density 
of  as  low  as  2  x  Kf'  cm  ’  was  obtained  for  all 
samples,  irrespective  ol  the  composition  x.  Elec¬ 
trical  properties  were  invcsi''!ated  by  Hall  mea¬ 
surements  with  the  Van  der  Pauw  configuration. 
All  the  grown  crystals  (()<.r<l)  show  p-type 
conduction  with  a  residual  carrier  concentration 
of  about  10''’  to  mid-lO’'  cm  \ 

The  temperature  dependence  of  the  photolu- 
minescence  (PL)  was  measured  by  using  the  488 
nm  line  of  an  Ar '  ion  la.scr  as  an  excitation 
source.  The  samples  were  set  in  a  variable-tem¬ 
perature  Dewar  and  were  immersed  in  cold  He 
gas.  The  temperature  was  stabilized  in  ±0.2  K 
over  n  .i-70  K.  The  PL  light  was  analyzed  by  a  1 
m  Jobin-Yvon  double  monochromator  and  pro¬ 
cessed  with  a  phtjton-counting  system.  Another 
equipment  was  used  lor  the  measurements  of  the 
excitation  intensity  dependence  of  PL.  The  mea¬ 
surements  were  performed  at  4.2  K  by  a  conven¬ 
tional  lock-in  technique.  The  samples  were  freely 
suspended  in  liquid  He.  The  514.5  nm  line  of  an 
Ar '  ion  laser  was  used  as  the  excitation  srturce. 


The  range  of  excitation  intensity  was  controlled 
over  nearly  three  orders  of  magnitude  by  using 
neutral  density  filters.  The  !  L  signal  was  de¬ 
tected  by  a  photomultiplier  with  a  cooled  GaAs 
cathode  through  a  1.5  m  Jobin-Yvon  single 
monochromator. 


3.  Results  and  discussion 

Fig.  1  shows  an  e.xample  (  .v  =  0.74)  of  the  PL 
spectrum  at  ft. 3  K.  Except  for  its  energy  position, 
the  spectral  line  shape  itself  is  qualitatively  simi¬ 
lar  to  tho.se  reported  by  Cohen  et  al.  [4]  for 
.V  =  0.03.  Furthermore,  it  is  almost  unchanged  for 
a  wide  range  of  composition  (0  <  ,v  <  1 ).  The 
spectral  components  are  therefore  deduced  to  be 
the  lines  due  to  free  excitons.  neutral  donor  bound 
excitons  (D"X)  and  neutral  acceptor  bound  exci¬ 
tons  (A"X).  as  labeled  in  the  figure.  In  addition. 


2  to  2  t2  214  216  2  18  220 


Photon  energy  (eV) 

Fig.  1.  Typical  phoinlumincsccnce  spectrum  of  bulk 
C'd,  ,Zn,Te  cr>Mal  grown  from  Tc  solution  measured  at  d  3 
K  lor  A  -  11.74. 
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the  l.CJ-phonon  sidebands  of  the  free  exeiton  and 
the  A".\  are  ciear'y  seen  in  the  lower  energy  side 
of  the  prineipal  hound  exeiton  region.  On  the 
other  hand,  no  phonon  sidebands  for  D"X  emis¬ 
sion  are  deteeted.  indicating  that  the  phonon 
coupling  is  much  stronger  in  the  A",X  transition 
than  in  that  of  the  D"X,  as  is  usually  the  case  in 
binary  CdTe  crystal. 

big.  2  shows  the  logarithm  of  the  integrated 
emission  intensity  (/)  of  ncar-band-edge  lines 
plotted  versus  the  logarithm  of  the  excitation 
intensity  ( /  )  for  the  sample  with  .t  =  (1. 12.  As  it  is 
seen  from  th:  figure,  both  lines  show  roughly 
(though  not  completely)  linear  log(/)-log(/. )  de¬ 
pendence  (/'/.*■)  at  the  lower  excitation  region 
with  a  slope  k  of  about  1.2.  The  super-linear 
(k>  1)  dependence  is  a  characteristic  feature  of 
bound  exeiton  recombination  [7].  Identifications 
of  these  lines  as  due  to  A"X  and  D"\  recombina¬ 
tion  are  thus  confirmed.  Since  In  was  introduced 
in  the  starting  material  CdTe.  it  is  natural  to 
ex)nclude  the  origin  of  the  donor  to  be  In  on  Cd 
site.  On  the  I'ther  hand,  since  no  acceptor  impu¬ 
rity  was  intentionally  introduced  during  growth, 
residual  Cu  is  the  most  probable  candidtite. 

The  broadening  widths  of  both  D"X  and  A'’X 
are  plotted  against  .v  in  Fig.  .7.  where  the  contri- 


l  2.  Dependence  of  the  lumineNcence  intensllv  on  exeila- 
lion  inlensilv  lor  near-band-edge  emission  lines.  Ihe  miIuI 
line  imlicales  the  /  /.*  law  with  A  -  1.2. 


Kig.  .V  Alloy  broadening  td  A".\  anil  D''\  as  a  itineln»n  of 
eoniposi!u>n  The  solid  line  is  based  tni  [  cj.  (D  with  the 
parameters  described  in  the  text.  The  dashed  line  is  to  guide 
the  eye.  Data  labeleil  as  TIIM  are  taken  from  ref.  [21. 

bution  of  the  binary  compounds  is  subtracted. 
Although  they  show  characteristic  alloy  broaden¬ 
ing  features,  the  linewidth  of  A'.X  is  much  larger 
than  that  of  D".X.  I'he  resultant  mtiximum 
linewidth  of  us  htrge  as  10  meV  for  A"\  is  in 
g(Hid  agreement  with  the  values  previously  re¬ 
ported  [1.2).  On  the  other  hand,  the  mtiximum 
linewidth  of  meV  for  D"\  is  measured  for  the 
first  time.  This  large  discrepancy  in  the  broaden¬ 
ing  width  of  A"X  and  D".X  was  previously  pointed 
out  by  Cohen  et  til.  [4].  In  the  literature,  the 
phenomenon  was  explained  by  the  difference  in 
the  effective  mtiss  Bohr  rtidii  of  neutral  donor 
and  acceptor.  We  believe,  however,  that  the  cxci- 
ton  radius  itself  has  a  decisive  role  in  determining 
the  broadening  width. 

In  binary  tilloy  Cd’Fe.  the  corresponding 
linewidths  are  (1.4  and  ()..')  meV  for  D".X  tmd 
A'.X.  respectively,  and  in  /.nTe  only  the  A’.X  line 
is  observed  with  its  I'WHM  of  O.b  me\.  This 
small  difference  of  A'X  and  D".X  linewidths  in 
the  binary  alloy  ctinnot  account  for  the  large 
difference  in  the  ternary.  The  calculated  linewidth 
based  on  the  theory  [.^]  is  also  drawn  in  the 
figure.  The  dependence  of  the  Ciaussian  linewidth 
on  composition  x  is 
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vvhi.MC  I  I,  is  a  quarter  of  the  volume  of  the  unit 
eell,  beeause  there  are  four  cations  in  the  unit 
cell  of  the  zinc-blende  structure.  d/'.(.v)/d.v  is 
the  slope  of  the  bound  exciton  transition  energy 
with  respect  to  .v.  Since  the  dependence  of  /■.(  v) 
on  ,v  is  in  quite  good  agreement  with  the  result 
reported  by  Olego  et  al.  [I],  we  employ  Hq.  (2)  of 
ref.  [I]  as  d/-.'/d.v  in  our  calculation.  1',  is  the 
volume  probed  by  the  exciton  recombination 
transition  and  is  given  by  [.^] 

(2) 

where  </,,  is  the  e.xeiton  radius.  The  linear  inter¬ 
polation  between  «|,(.||^.  (b4.d  nm)  and 
(.^.1.5  nm)  is  used  for  the  calculation.  As  is  seen 
from  the  figure,  the  broadening  width  of  the  D".\ 
emission  is  in  excellent  agreement  with  the  value 
expected  theoretictdly;  on  the  other  hand,  it  is 
eletir  that  the  linewidth  of  the  A"\  is  incompati¬ 
ble  with  the  theory.  In  order  to  elucidate  this 
large  disereptincy  between  the  A".\  linewidth  and 
the  theoretical  one.  the  tempertiture  dependence 
of  the  luminescence  has  been  investigated. 

I'ig.  4  shows  the  Uigarithm  of  the  integrated 
emission  intensities  of  two  excitonic  transitions 
\ersus  inxerse  tempertiture  for  .v  =  (1.74.  In  the 
lower  temperature  region,  the  A".\  reduces  its 
intensity  rather  rtipidly  as  compared  with  D"X. 
while  in  the  higher  temperature  region  both  lines 
have  almost  the  same  quenching  rate  agttinst  tem¬ 
perature.  The  thermal  quenching  of  both  A"X 
and  1)".\  can  be  fitted  with  well-known  two-step 
ilissoeiation  processes  [S]  expressed  as 
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where  (  ,  and  are  the  pre-exponential  faettrrs 
for  each  dissociation  step,  l  or  the  1)''\  Irtinsi- 
tion.  /■,,  is  4.4  meV  and  /•. .  is  14  meV.  while  for 
the  A"X  transition.  /;  ,  is  1.7  meV  and  /; .  is  I4.,s 
nie\'.  The  binding  energies  of  A"X  and  0"X  tire 
estimtited  by  measuring  the  energy  separation 
from  free  exciton  emission  to  be  10  and  4.0  meV. 
respectively,  in  this  sample.  The  gtnid  agreement 
between  the  value  (d  /•,,  and  the  binding  energy 
of  I)"X  indicates  that  the  first  dissociation  pro- 
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cess  in  the  D".X  emission  is  the  thernializtiiion  of 
bound  exciton  into  free  (extended)  state.  On  the 
other  hand,  for  A".X  emission.  /•.,  is  much  smaller 
than  the  binding  energy.  In  lll-\’  semiconduc¬ 
tors.  ionization  of  neutral  A'.X  to  .X  .X  is  pro¬ 
posed  ;is  the  first  dissociation  process  [S],  How¬ 
ever.  in  II-V  1  alloys,  because  of  the  large  effec¬ 
tive  mass  ratio  (/n,,  s>  m^, ).  such  a  process  is  ruled 
out  (d],  I'ig.  ,s  shows  the  temperature  dependence 
of  the  peak  positions  of  both  A'.X  and  D"X  lines. 
With  inercasing  temperature,  the  peak  position 
of  the  A'.X  emission  shifts  to  much  lower  energy 
than  that  of  n".X  emission.  This  larger  red  shift 
and  the  smtiller  /•. ,  energy  of  the  /V'X  emission 
can  be  explained  as  follows:  .Assuming  th;it  the 
binding  energy  of  the  exciton  to  the  neutral  ac¬ 
ceptor  is  not  unique  hut  spread  in  energy,  then 
with  in  increase  in  temperature,  the  shallower 
pel  ■  '  !;  distribution  will  thermalize  first,  le.iv- 
!i.  'nil''ii.ition  between  much  deeper  st.ites 
.11  'iiiii;  in  a  lower  energy  of  the  lumines- 

c.ison  for  such  a  distribution  in  the 
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addition,  the  broadening  ot  the  D"X  in 
Cd|_jZn,Te  erystal  is  for  the  first  time  investi¬ 
gated  systematically.  The  obtained  maximum 
linewidth  of  ?i  meV  for  the  D‘'X  emission  is  in 
excellent  agreement  with  the  theory.  From  the 
temperature  dependence  of  PL  measurement,  ev¬ 
idence  of  the  distribution  in  the  exciton  binding 
energy  to  neutral  acceptor  is  found.  In  addition 
to  the  generally  accepted  broadening  mechanism, 
it  seems  that  this  distribution  has  a  decisive  role 
for  the  alloy  broadening  of  A",X  emission. 
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binding  energy  is  not  clear  at  the  moment;  how¬ 
ever.  since  the  acceptor  state  has  originated 
mainly  from  the  p  orbitals,  its  energy  location  will 
he  ven  much  affected  if  the  bond  length  and-or 
the  bond  angle  tluetuate  by  alloying.  As  is  well 
known,  a  highly  distorted  anion  sublatticc  was 
predicted  in  H,XAFS  measurement  [.‘vj.  Almrtst  no 
effect  on  the  broadening  width  of  D"X  is  consis¬ 
tent  with  the  s  character  of  the  donor  state. 


4.  Conclu.sion 

rhe  alloy  broadening  of  donor  and  acceptor 
bound  exciton  has  been  investigated  on 
Cd,  ,Zn,re  crystals  grown  from  Te  solution. 
Special  attention  is  paid  to  the  different  broaden¬ 
ing  width  of  A"X  and  D"X  emission  lines.  In 


6.  References 

in  D.J.  Olcgo.  J.P.  t^iuric.  ,S.  Sivan;ith;in  anil  I’.M.  Rai’cah, 
Appi.  Phvs.  i.ou,  47  (14SS)  in;. 

|;|  K  Octlingcr.  D  M.  Ilnfmann.  AI.L.  Lfros.  H  K.  Mivcr.  M. 
Salk  anil  K.W.  Btnx.  .1.  Appl.  Phvs.  7|  |  mn;)  as:;,,’ 

(.4|  R.  Zinimerniann.  .1.  Cry-tal  (Irowlh  101  ( l‘W(l)  .Ufv 

|4|  L.  Cohen.  R,.\.  Streel  anil  .\  Murancviih.  Phvs.  Rei.  H 
;S  tl'IS.Vt  71  l.S. 

151  N  Molla.  A.  Bal/arotti.  P  l.ciradi,  A.  Kisicl.  M.T.  (Vv/vk, 
M.  /ininal-Slamaivaska  and  M.  Podsornv.  Solid  Slate 
Coniniun.  5.5  ( IdS5)  5(10. 

|(il  K.  Nakagawa.  K.  Maeda  and  S.  lakeiiehi.  .Appl.  Phie, 
Lett.  .54  ( 1074)  574, 

17]  r.  Sehmiill.  (1.  Daniel  and  K.  1  isehka.  .1.  Crvslal  (irowlh 
II7(|00:)  74S. 

|S|  D.  Bimbert:.  M  Sonderireld  and  P.  (irohe.  Phv'.  Rev.  B  4 
(1071)  .5451. 

lo)  R.i;.  Ilalsled.  in:  Physiev  and  Cheniislrv  ot  II  A  I  (  om- 
jioiinils.  I-ids.  M.  Aven  and  .l.S.  I*rener  (Niirlh-I  iolland. 
AniMerdam.  10h7)  p.  504 


o.  CRYSTAL. 
GROWTH 


f:i,Si:Vli;R  journal  of  Ci>slal  Growth  LW  ( I W4)  2114-2117 


Polarized  photoluminescence  in  vacancy-ordered  Ga^Se, 

Tamotsu  Okamoto  Akira  Yamada  Makoto  Konagai  Kiyoshi  Takahashi  '' 

Dcpurtim'iU  of  EUrtrical  atul  t.Uxtronif  Tokvo  hiMitiili’ of  I'l'clmain^.  2-1^1.  O-okiivunui.  .\U'i;un>-kn.  lukyn  /.*'2. 

Jii/xin 

Ih'fuirnnfnt  o/  Physttiil  I'.U‘i'tronic\,  Ttfkyo  //nr/rnrc  o/  Ti'chnotoyx.  2-/2-/.  O-okiminm.  Mi'yitrn-kti.  lokyti  122.  .hipun 


.Ab.stract 

Optical  properties  of  Ga.Se,  films  grown  on  (KKIKiaAs  by  moleeiilar  beam  epitaxy  (MUIi)  htne  been  imesli- 
galed  by  pliolokiminesecnee  (PL)  measurement  at  low  temperature.  In  the  \aeaney-ordered  (la  Sc;  grown  with  a 
high  VI /Ml  ratio,  a  broad  emission  peak  centered  at  around  bit)  nm  was  olssened.  I-urthermi're.  the  intensity  ot 
[till]  polarizatitm  component  was  much  stronger  than  that  of  (Oil)  polari/iition  in  the  x.ieaney-ordered  (iti.Se,.  On 
the  ttther  hand,  in  the  disordered  Ga^Se,  grown  with  a  low  VI/ III  ratio.  PI.  intensity  was  extremely  weak,  and  deep 
lexel  emissions  centered  at  tiround  7.s()  and  htH)  nm  were  dominant. 


I.  Introduction 

The  lll-VI  comptiund  semiconductor  such  as 
Cia,Sc,  is  a  promising  material  for  new  optoelec¬ 
tronic  devices;  Ga-Se,  has  a  defect  zincblende 
structure,  in  which  I  /.I  of  the  Ga  sites  are  vacant, 
and  has  a  relatively  wide  bandgap  (around  2.1  eV 
at  room  temperature)  [1.2].  Up  until  now.  we 
investigated  the  molecular  beam  epitaxy  (MBE) 
growth  of  Ga.Se,  films  on  (10())GaP  and 
(lOOIGaAs  substrates,  and  it  has  been  found  that 
a  superstructure,  which  has  a  periodicity  three 
times  as  large  as  that  for  a  zincblende  structure  in 
the  [Oil]  direction,  was  formed  by  spontaner)us 
ordering  of  Ga  vacancies  under  Se-rich  growth 
conditions  [.^-7].  l-'urthermore.  we  have  observed 
very  large  absorption  anisotropy  (Jo  :>  10 '  cm  ') 
in  vacancy-ordered  Ga.Se,:  the  absorption  coef¬ 
ficient  for  [Oil]  polarization  is  larger  than  Chat  for 


*  (  orrcsponiling  aiilhnr. 


[oil]  polarizalion  [.>.(>].  In  this  paper,  we  carried 
out  polarized  photolumineseeiice  (PI.)  measure¬ 
ments  of  Ga  ,Se,  films  grown  by  MBE  for  further 
investigation  of  the  optical  properties  of  the 
Ga.Se,.  There  was  no  report  on  the  PI.  of 
Ga.Se,.  except  the  report  on  the  deep  lexel 
emission  centered  at  001)  nm  of  bulk  Ga.Se,  [1]. 
This  is  the  first  report  on  the  PL  of  Ga.Se, 
epitaxial  thin  films. 


2.  Experimental  procedure 

Ga.Se,  films  were  grown  on  SI  (l(IO)GaAs  by 
MBE  technique.  The  growth  temperature  was 
.‘iO()°C,  and  the  VI/III  ratio  was  varied  in  the 
range  of  LSI)  to  800.  The  growth  rate  was  arr)und 
2(K)  nm/h.  and  film  thickness  was  around  800 
nm.  The  [011]  and  [Oil]  directions  of  the  sub¬ 
strates  were  determined  by  anisotropic  etching. 
GaAs  substrates  were  etched  in  a  .7:1:1 
H  .SOj :  H  .(), :  H  .O  solution  at  60°('  for  L.8  min. 
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followed  by  etching  in  a  Br,-CH  ,OH  solution  for 
2  min.  After  chemical  etching,  the  substrates  were 
introduced  into  the  growth  chamber.  Thermal 
etching  at  high  temperature  was  not  carried  out 
because  it  is  difficult  to  control  the  vacancy  or¬ 
dering  direction  by  the  effect  of  As  desorption 
from  GaAs  substrate.  The  evaluation  of  vacancy 
ordering  was  performed  by  electron  diffraction 
and  Raman  spectroscopy.  Ar^  laser  (514.5  nm, 
50  mW)  was  used  for  Raman  spectroscopy. 

PL  measurements  were  carried  out  on  the 
Ga,Se,  films  at  4.2-60  K.  The  48S.0  nm  emission 
line  of  an  Ar*  laser  (NEC  GLS.5300)  polarized 
along  [Oil]  was  used  as  the  excitation  light.  The 
excitation  intensity  was  200  mW  if  not  specified. 
The  spectra  were  analyzed  with  a  Jobin-Yvon 
THRIOOO  monochromator  and  a  Hamamatsu 
photonics  7102  photomultiplier  tube.  [OlT]  and 
[Oil]  polarization  components  of  PL  were  mea¬ 
sured  by  polarizer.  Depolarizer  was  used  for 
eliminating  the  polarization  dependence  of 
monochromator  and  photomultiplier. 


3.  Results  and  discussion 

l-irst  of  all.  we  investigated  the  PL  of  the 
vacancy-ordered  Ga,Se,.  As  previously  reported, 
the  vacancy  ordering  occurs  under  Se-rich  condi¬ 
tions  [.3-6].  Fig.  la  shows  the  polarized  Raman 
spectra  of  the  Ga.Se,  grown  at  a  high  VI/III 
ratio  (VI/III  =8(1(1).  Raman  spectra  were  mea¬ 


sured  for  two  configurations  of  Z[  YY  ]Z  and 
Z[XX]Z.  X.  Y  and  Z  denote  [OlT],  [Oil]  and 
[100]  direction,  respectively.  In  Fig.  la.  a  sharp 
peak  located  at  155  cm  ',  which  has  originated  in 
the  zone-folding  by  vacancy  ordering  [7.8],  was 
observed.  Furthermore,  the  intensity  of  the  peak 
in  the  Z[Vy]Z  spectrum  is  much  stronger  than 
that  in  the  Z[A’A']Z.  These  results  indicate  that 
long-range  ordering  of  Ga  vacancies  toward  [Oil] 
direction  is  highly  developed.  We  confirmed  that 
the  vacancy-ordered  superstructure  was  formed 
in  [Oil]  direction  by  transmission  electron  diffrac¬ 
tion  (TED).  Fig.  lb  shows  the  polarized  PL  spec¬ 
tra  of  the  vacancy-ordered  Ga.Se,  films.  The 
solid  line  and  the  dashed  line  denote  [OlT]  and 
[Oil]  polarization  component  of  PL  spectra,  re¬ 
spectively.  A  broad  emission  peak  centered  at 
around  610  nm  was  observed.  The  PL  intensity 
increases  at  a  wavelength  of  around  540  nm,  and 
the  energy  corresponding  to  this  wavelength  is 
close  to  the  reported  bandgap  of  bulk  Ga.Se,  at 
4.2  K.  which  is  about  23  eV  [1].  Furthermore,  the 
PL  spectra  show  aji  anisotropic  feature;  the  in¬ 
tensity  of  the  [Oil]  polarization  component  is 
much  stronger  than  that  of  [01 1]  polarization.  We 
confirmed  that  the  anisotropy  in  emission  was 
independent  of  the  polarization  of  the  excitation 
light.  These  results  indicate  jhat  the  electron 
transition  probability  for  [Oil]  polarization  is 
larger  than  that  for  [01 1]  polarization  in  vacancy- 
ordered  Ga.Se,.  and  corresponds  to  the  large 
absorption  coefficient  for  [OlT]  polarization  [5.6]. 


(a) 

Ordered  (iaiSe^ 

■|\„„=500’'C  ■ 

VI/III=800 

- Z|VV|Z 

/.|xx|7. 

1  t 

.150  300 


250  200  150 

Raman  Shift  (cm~') 


too  50 


Kig.  I  (a)  Polari/cd  Raman  spectra  and  (b)  polarized  phololuminesccnce  spectra  of  the  vacancy-ordered  (ia  >Sex  grown  with  a  high 
VI/III  ratio  ( VI /lll-HfHM. 


7'  Okumout  ai  /  Jouniahtf  Crystal  Cirow  ill  l.^SilW4)  2(14-20'’ 


:()h 


Wavelength  (nm) 


Fii:.  Temperature  dependence  of  PL  spectra  of  the 
vacancy-ordered  Cia  jSe 

However,  the  anisotropic  feature  in  the  PL  peak 
energy,  w'hich  was  observed  in  the  PL  of  the 
ordered  Gaii^InmP  [9-1 1].  was  not  observed. 

Furthermore,  we  measured  the  temperature 
dependence  of  the  PL  in  the  vacancy-ordered 
Ga;;Se,.  Fig.  2  shows  the  temperature  depen¬ 
dence  of  PL  spectra  of  the  vacancy-ordered 
Ga^Se-  film  shown  in  Fig.  I.  The  [Oil]  polariza¬ 
tion  component  of  the  PL  was  measured  in  Fig.  2. 
PL  spectra  were  almost  invariant  below  20  K. 
However,  a  steep  decrease  of  the  intensity  of  the 
emission  peak  centered  at  around  610  nm  was 
observed  with  temperature  increasing  above  20 
K.  ;ind  deep  level  emission  at  around  7(KI  nm  was 
dominant  at  60  K.  l-urthcrmore.  at  a  temperature 
of  40  K.  the  other  emission  peak  at  around  630 
nm  appears,  which  suggests  that  the  broad  emis¬ 
sion  peak  at  610  nm  is  a  mixture  of  many  emis¬ 
sion  peaks.  In  addition,  we  measured  the  PL 
spectra  at  different  excitation  intensities.  The  ex¬ 


citation  intensity  was  varied  in  a  range  of  2  to  200 
mW.  The  shift  of  emission  peak  with  increasing 
excitation  intensity  was  not  observed,  which  indi¬ 
cates  that  the  emission  centered  at  610  nm  is  no 
donor-acceptor  pair  emission. 

F'or  a  comparison  with  the  PL  in  the  vacancy- 
ordered  Ga,Se-,.  we  investigated  the  PL  of  the 
disordered  Ga,Se-,.  The  disordered  Ga,.Se.,  was 
grown  at  a  relatively  low  VI/III  ratio  (VI/lII  = 
150)  [3-6].  Fig.  3a  shows  the  polarized  Raman 
spectra  of  the  Ga,Se,  grown  at  a  VI/ II I  ratio  of 
1.50.  The  intensity  of  the  peak  located  at  155 
cm  '.  which  is  associated  with  vacancy  ivrdering. 
is  very  weak  as  compared  with  Fig.  la.  Ihis 
indicates  that  the  Ga  vacancies  are  almost  ran¬ 
domly  distributed  in  this  film  [7.S].  Fig.  3b  shows 
the  polarized  PL  spectra  of  the  disordered  Ga  ,Se  -. 
films.  As  indicated  in  Fig.  3b.  there  is  a  remark¬ 
able  difference  in  the  PL  spectra  between  the 
vacancy-ordered  and  the  disordered  (ia-Se-,:  the 
intensity  of  PL  at  610  nm  is  extremely  weak,  and 
deep  level  emissions  centered  at  around  750  and 
900  nm  are  dominant  for  the  disordered  Cia  .Se  .. 
The  RHFHD  ptittern  of  the  disordered  Ga.Sc; 
was  spotty,  which  indicates  the  epitaxial  growth 
of  Ga^Se,.  Furthermore,  in  , X-ray  diffraction 
measurements,  no  differences  of  the  intensities 
and  F'WHM  of  (400)G:i.Se5  peak  between  the 
vacancy-ordered  and  the  disordered  Ga  ,Se-,  were 
observed,  although  the  peak  position  shift  was 
rvbserved  [4],  From  these  results,  we  speculated 
that  the  difference  of  PL  spectra  between  the 
vacancy-ordered  and  the  disordered  Cia.Sc;  is 
not  due  to  the  poor  crystallinity  I'f  the  disordereil 
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Ga,Se,  and  that  the  PL  emission  centered  at  610 
nm  might  have  originated  in  the  vacancy  ordering 
of  Ga^Se  ,. 

4.  Conclusions 

We  in\estigated  the  optieal  properties  of 
Ga^Se,  films  grown  on  (lOOlGaAs  by  MBE  by 
photoluminescence  (PL)  measurement  at  low 
temperature,  and  the  following  results  have  been 
obtained: 

(1)  In  the  vacancy-ordered  Ga,Se,  grown  with  a 
high  VI/111  ratio,  a  broad  emission  peak  cen¬ 
tered  at  around  610  nm  was  observed. 

(2)  The  intensity  of  the  [OlT]  polarization  compo¬ 
nent  was  much  stronger  than  that  of  [01 1]  polar¬ 
ization  in  the  vacancy-ordered  Ga^Se,. 

(.^)  In  the  disordered  Ga.Se,  grown  with  a  low 
VI /I II  ratio.  PL  intensity  was  extremely  weak, 
and  deep  level  emissions  centered  at  around  730 
and  <)00  nm  were  dominant. 
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Absiras'l 

I'scilation  (ranstor  among  locali/cil  stales  has  often  been  negleelei.1  for  semieonduetor  lumineseenee.  We  ha\e 
reeenlly  shown  that  sueh  transfer  is  far  more  presaleni  in  the  km  temper.iture  lumineseenee  in  ZnSe  than  had  been 
realized.  In  this  ssork.  we  studied  the  temperature  dependenee  of  the  lumineseenee.  and  obsersed  the  phonon-as- 
sisled  transfer  between  two  boumi  exeilons  at  relatively  high  temperature.  This  observation  eorrelates  with  the  result 
of  a  iheoretieal  model  eonsisting  of  a  two-level  system.  Our  results  also  show  that  eveilalion  transfer  m:i\  well  be 
playing  a  role  in  the  origin  of  the  blue  room  temperature  lumineseenee  in  /.nSe. 


In  view  of  the  interest  in  ZnSe  tor  visible  light 
emission,  whieh  eulmintited  in  the  reeent  demon¬ 
stration  of  the  blue-green  hiser  ditrde  1 1),  the  blue 
room  temperiiture  photolumineseenee  (PL)  of  this 
m;iteri;il  has  been  studied  in  ;t  number  of  investi- 
gtttions  [2-b|.  However,  sti  far  there  has  been  mr 
eonelusive  answer  as  tt>  its  origin.  A  reeent 
overview  [2]  of  the  literature  has  stated  that  al¬ 
most  every  eoneeivable  emisskin  has  been  sug¬ 
gested  its  being  resptrnsible  lor  the  blue  PI.  at 
room  temperature.  In  this  paper,  we  will  present 
evidence  of  phonon-tissisted  (‘  upwttrd'')  excita¬ 
tion  transfer  between  two  localized  excitonic 
states  as  a  function  of  temperature,  and  show 
that  such  a  mechanism  must  be  considered  in 
connection  with  the  origin  of  this  blue  PI..  Our 
experimental  results  are  al.so  supported  by  a  the¬ 
oretical  analysis  of  a  two-level  system  which  in- 
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eludes  an  interstate  transfer  term  between  these 
two  exeitons. 

In  characterizing  the  origin  of  riurm  tempera¬ 
ture  blue  luminescence  in  ZnSe  [2-(>l.  the  usual 
approach  is  to  study  the  temperature  dependence 
of  the  PI,  spectra.  Thus,  the  low  temperature 
lines  are  quite  well  understood,  and  conse¬ 
quently.  if  one  follows  the  low  temperature  lumi¬ 
nescence  lines  to  high  temperature,  one  should 
be  able  to  identify  the  origin  of  the  blue  lumines¬ 
cence.  However,  this  simple  scheme  is  compli¬ 
cated  by  the  broadening  of  spectral  lines  with 
increasing  temperature.  In  prior  studies  [2-.sl.  the 
samples  used  were  mostly  n-type  material  be¬ 
cause  of  the  difficulties  of  preparing  p-type  ZnSe 
(e.g..  good  p-type  has  beeirme  available  only  re¬ 
cently.  via  a  free  radical  nitrogen  plavma  source 
during  molecular  beam  epitaxial  growth  I"]).  At 
low  temperature,  the  typical  PL  spectra  of  these 
n-type  samples  has  a  strong  donor  btrund  exciton 
(DBH)  line,  often  together  with  weaker  free  e.xci- 
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ton  (FE)  linos  on  the  higher  energy  side,  and  an 
aeeepior  bound  exeiton  (ABE)  line  on  the  lower 
energy  side.  There  are  often  also  relatively  strong 
(depending  on  the  eompensation  in  the  material) 
donor-acceptor  pair  (DAP)  peaks  below  the  cxci- 
ton  range,  but  these  will  here  be  discussed  only 
minimally  because  of  their  much  lower  energy 
position,  which  cannot  account  for  the  room  tem¬ 
perature  blue  luminescenec  [8].  In  connection 
with  the  prior  [2-,'']  investigations,  it  is  of  interest 
to  note  that  the  ABE.  when  present,  quenches 
appreciably  faster  than  the  DBE.  This  is  surpris¬ 
ing,  since  the  ABE  is  deeper.  Indeed,  we  do  not 
see  how  this  can  be  compatible  with  carrier  trans¬ 
fer  through  the  bands.  We  have  recently  investi¬ 
gated  the  recombination  processes  in  Na  doped 
ZnSe  by  time-decay  measurements  [‘)].  and  con¬ 
cluded  that  the  excitation  transfer  among  liKal- 
ized  states  is  far  more  prevalent  in  semiconductor 
luminescence  than  had  previously  been  realized. 
Flowever.  our  previtius  experiments  were  primar¬ 
ily  carried  out  in  the  low  temperature  ( <  10  K) 
regime,  where  carriers  can  only  transfer  to  lower 
(or  equal)  energy  states.  We  felt  that,  as  tempera¬ 
ture  increases,  there  might  also  be  an  "upward" 
or  phonon-assisted  transfer  from  lower  to  higher 
energy  states,  which  could  explain  the  puzzling 
observation  of  the  fast  quench  of  ABE  in  n-type 
material.  For  this  reason,  we  have  chosen  p-type 
compensated  material,  which,  at  low  tempera¬ 
ture,  has  a  very  strong  ABE  while  still  also  show¬ 
ing  the  DBE.  We  have  extended  our  temperature 
range  in  studying  the  PL  spectra.  I'he  results  not 
only  support  our  previous  conclusion  about  exci¬ 
tation  transfer,  but  also  show  that  it  may  well  play 
a  role  in  the  blue  room  temperature  PL  in  ZnSe. 

The  samples  used  here  were  grown  by  the 
zone  melting  technique,  and  were  doped  with  Na 
[10].  We  have  measured  the  conductivity  of  these 
samples  by  the  potential  profiling  technique  [I  I), 
showing  that  they  are  p-type  but  highly  resistive. 
The  PI.  measurements  are  carried  out  in  a 
closed-cycle  refrigeration  system  (Janis)  with  a 
Lake  Shore  80.S  temperature  controller.  Fhe  exci¬ 
tation  source  is  a  HeC'd  laser  (l.iconix  101)  with 
a  lasing  frequency  »)f  ?>25  nm  and  an  output 
power  of  ^  10  mW.  The  actual  power  used  for 
PI.  measurements  is  much  less  than  the  maximum 
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output  in  order  to  avoid  heating  of  the  samples. 
Fhe  luminescence  is  collected  and  directed  into  a 
.1/4  meter  spectrometer  (Jarrell-Ash)  with  0.8,1 
nm/mm  spectral  resolution,  and  reetirded  by  a 
photon  counting  system  (Stanford  SR400). 

A  typical  example  of  the  PL  spectra  in  the  low 
temperature  range  (lO-.K)  K)  is  shown  in  Fig.  I. 
At  the  lowest  temperature  (  <  10  K).  the  excitons 
dominate  the  spectrum;  the  DAP  (with  its  phonon 
replicas)  is  clearly  seen  in  the  lower  energy  range, 
indicating  the  samples  are  compensated.  I  he  ex¬ 
citons  quench  rapidly  with  increasing  tempera¬ 
ture.  By  20  K.  the  intensity  of  excitons  is  below 
the  intensity  of  the  DAP.  At  .10  K.  a  shoulder  is 
seen  on  the  high  energy  side  of  the  DAP.  This 
emission  is  called  free-to-bound  (FB)  because  the 
electron  bound  to  the  donor  is  thermalized  into 
the  conduction  band,  and  results  in  the  free-elec- 
tron-to-bound-hole  transition.  At  higher  temper- 
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Fig.  2.  Temperature  dependence  of  the  exciton  luminescence 
up  to  71)  K.  The  spectrum  at  4  K  includes  a  main  peak  al 
2.7V4?  e\  which  is  the  ABE  due  to  Na  acceptor,  a  DBE  peak 
al  2.7dSO  eV.  and  two  tree  excitons  at  2.X0ld  and  2.81)47  eV 
(lower  and  upper  polaritons).  Peak  shifts  are  due  to  band  gap 
changes  with  temperature. 

ature  (  >  50  K),  all  electrons  are  freed  from  the 
donors,  and  the  DAP  is  replaced  by  the  FB.  The 
details  of  the  exciton  region  (2.78-2.81  eV)  as  a 
function  of  temperature  are  shown  in  Fig.  2.  At 
the  lowest  temperature  (9  K).  the  ABE  (Na)  at 
2.7943  eV  is  clearly  the  strongest  luminescence 
line,  with  a  weaker,  and  shallower,  DBE  at  2.7980 
eV,  and  a  pair  of  free  excitons,  FE(U)  and  FE(L), 
at  2.8047  and  2.8019  cV,  respectively.  The  pair  of 
FEs  is  due  to  the  exciton-photon  interaction  [3], 
which  is  often  referred  to  as  polaritons.  and  cor¬ 
respond  to  the  upper  and  lower  branch  of  the 
polariton.  The  same  type  of  emission  has  also 
been  observed  in  other  compound  semiconduc¬ 
tors  [12,13],  As  the  temperature  increases,  first, 
we  notice  that  the  ABE  quenches  at  a  much 
faster  rate  than  the  DBE.  By  .30  K,  the  DBE  is 


clearly  the  main  peak  in  the  exciton  range,  and  by 
50  K  the  ABE  is  almo.st  invisible.  An  additional 
trend  is  that  the  two  FEs  increase,  although  rela¬ 
tively  slowly,  with  respect  to  the  DBE.  One  can 
also  note  that  the  energy  separation  betw'cen  the 
FE(L)  and  the  FE(U)  increases  somewhat,  with 
the  FE(L)  moving  closer  to  the  DBE.  As  a  conse¬ 
quence  of  the  increase  in,  and  shift  of.  the  FE(L), 
this  peak  merges  with  the  DBE,  and  by  KM)  K 
(not  shown)  only  a  single  broad  peak  remains.  We 
have  compared  the  peak  positions  of  the  DBE 
and  FEs  with  the  values  of  n-type  ZnSe  [2,3].  and 
found  that  they  are  the  same  within  experimental 
error. 

The  reason  that  the  intensities  of  both  FEs 
increa.se  with  respect  to  the  BEs  with  increasing 
temperature  may  well  be  due  to  the  thermal 
dissociation  of  the  excitons  bound  to  the  impuri¬ 
ties.  since  the  binding  energies  of  exciton  to  donor 
(  ~  6  meV)  and  acceptor  ( 10  meV)  are  much 
smaller  than  the  binding  energy  of  the  free  exci¬ 
ton  itself,  which  is  about  20  mcV.  However,  the 
relative  intensity  of  ABE  versus  DBE  in  Fig.  2 
cannot  be  explained  by  assuming  thermal  dissoci¬ 
ation  of  c.xcitons.  since  the  DBE  has  a  smaller 
binding  energy  than  the  ABE.  This  observation  is 
also  consistent  with  many  other  reports  on  the 
temperature  dependence  of  excitons  [2.3.13.14]. 
To  explain  this  phenomenon,  we  propose  that 
there  must  be  a  phonon-assisted  (upward)  excita¬ 
tion  transfer  from  the  lower  ABE  to  the  higher 
DBE  energy  states.  The  same  conclusion  has  also 
been  reached  previously  for  CdTe  [14]. 

To  check  our  conclusion  from  the  temperature 
dependence  data,  a  theoretical  model  consisting 
of  a  two-level  system  has  been  analyzed  by  one  of 
us  [15],  Basically,  the  results  indicate  that,  with  a 
fast  transfer  rate  between  these  two  levels  and 
with  a  relatively  low  excitation  intensity,  the  main 
recombination  path  can  change  from  a  lower 
energy  level  to  a  higher  one  with  increasing  tem¬ 
perature.  This  conclusion  corresponds  to  what  we 
observed  between  the  DBE  and  the  ABE  in  Fig. 
2.  Furthermore,  the  time-resolved  photolumines¬ 
cence  by  Kudlek  et  al.  [16]  has  shown  indis¬ 
putable  evidence  of  energy  transfer  from  DBE  to 
ABE  at  low  temperature  (“downward"  transfer), 
which  is  exactly  the  reverse  process  from  our 
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phonon-assisted  transfer  at  high  temperature. 
With  the  support  of  the  theoretical  analysis  [15] 
and  the  time-resolved  data  [9,16],  we  feel  confi¬ 
dent  to  say  that  the  fact  that  the  DBE  dominates 
at  relatively  high  temperature  is  the  result  of  an 
upward  transfer  process.  Further,  such  a  transfer 
proce.ss  may  well  also  be  affecting  the  FE.s,  but 
details  of  this  aspect  remain  to  be  investigated. 

It  remains  to  discuss  the  relevance  of  our 
results  for  the  blue  room  temperature  PL.  There 
is  little  doubt  that  up  to  about  50  K  it  is  the  DBE 
which  dominates.  Beyond  this,  as  mentioned,  the 
FE(L)  gradually  increases  with  respect  to  the 
DBE.  and  gradually  decreases  in  peak  energy,  so 
that  by  100  K  it  overlaps  with  the  DBE.  There 
now  is  one  broad  line,  and  the  DBE  and  FE(I) 
can  no  longer  be  distinguished;  however,  project¬ 
ing  the  gradual  intensity  increase  of  the  FE(L), 
one  would  conjecture  that  it  is  this  FE(L)  which 
will  now  dominate.  Nevertheless,  this  conjecture 
must  be  viewed  with  caution;  thus  our  data  indi¬ 
cates  an  energy  shift  of  the  FE(L)  with  respect  to 
the  FE(U),  but  past  results  [2. .5]  have  claimed 
that  the  energy  separation  between  the  broad  line 
and  the  FE(U)  remains  constant.  This  point  re¬ 
mains  to  be  investigated.  It  is  still  to  be  noted 
that  at  this  time  we  cannot  exclude  the  possibility 
that  this  apparent  discrepancy  is  merely  the  result 
of  different  processes  dominating  in  different 
samples. 

Fhere  are  also  other  explanations  for  the  blue 
room  temperature  PL  in  the  literature.  One  ex¬ 
planation  is  by  .Shirakawa  and  Kukimolo  (SK)[,5]. 
who  suggested  a  free  hi)le  to  bound  donor  transi¬ 
tion.  rhey  base  this  assignment  on  the  observa¬ 
tion  of  a  "new"  line  (their  A’  line)  on  the  low-en¬ 
ergy  side  of  the  DBE.  We  note  that  this  line  is 
not  observed  by  either  Newbury  [2.17]  or  our¬ 
selves.  This  may  of  course  result  from  a  sample 
dependence;  alternative  possibilities  are  either 
( 1 )  that  the  A'  line  in  Newbury’s  and  our  samples 
comes  in  at  higher  temperatures,  where  it  can  no 
longer  be  distinguished  frtim  the  high-tempera- 
ture  single  broad  line,  t)r  (2)  since  the  A'  line  is 
only  a  shoulder  on  the  DBE  line,  with  the  conse¬ 
quence  that  it  is  difficult  to  obtain  accurate  line 
energies,  it  may  be,  instead,  the  ABE  line.  In  any 
case  SK  argued  against  the  DBE  since  they  felt 
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the  activation  energy  of  the  blue  PL  (27  meV) 
was  too  high  to  be  consistent  with  the  DBE. 
However,  this  argument  is  not  valid  in  the  pres¬ 
ence  of  excitation  transfer,  since  this  can  drasti¬ 
cally  change  the  thermalization  of  the  DBE  line. 
We  also  noted  that  the  FE(L)  line  of  ours  and 
that  of  SK  is  about  20-29  meV  below  the 
bandgap.  which  is  not  inconsistent  with  the  acti¬ 
vation  energy  reported  by  SK.  Zheng  and  Allen 
(ZA)  [5],  in  support  of  the  conclusion  of  SK. 
suggest  that  although  the  DBE  line  is  in  the  right 
energy  position,  the  binding  energy  of  the  DBE  is 
too  low  for  it  to  exist  at  room  temperature.  How¬ 
ever.  we  have  pointed  out  e.xamples  of  shallower 
bound  excitons  enduring  at  higher  temperature 
than  the  deeper  ones.  Certainly,  with  increasing 
temperature,  the  e.xcitons  do  dissociate  more 
readily,  and  the  excitonic  intensity  docs  decrease 
with  increasing  temperature,  as  can  be  seen  in 
Fig.  1.  However,  if  other  recombination  paths  are 
not  very  efficient,  and  the  transfer  to  the  exeitons 
is  fast,  which  seems  to  be  the  ease  [16],  there  can 
still  be  substantial  PL  via  bound  excitons.  Similar 
to  the  result  of  SK.  the  energy  position  given  by 
ZA  for  the  blue  luminescence  is  not  inconsistent 
with  the  energy  position  of  either  the  DBE  or  the 
FE(L). 

In  summary,  the  temperature  dependence  of 
the  donor  and  acceptor  bound  excitons  gives  di¬ 
rect  evidence  of  e.xcitation  transfer,  in  support  of 
our  previous  conclusion  derived  from  a  different 
experimental  approach.  This  observation  is  also 
consistent  with  a  theoretical  model  of  excitation 
transfer  in  a  two-exciton  system  [15].  The  origin 
of  the  room  temperature  blue  luminescence, 
based  on  our  data,  appears  to  be  either  the  DBE 
or  the  FE(L).  or  due  to  the  combination  of  these 
two;  nevertheless,  we  eannot  exelude  SKs  bound- 
electron  to  free-hole  suggestion,  nor  that  the 
mechanism  is  sample  dependent.  Further  investi¬ 
gations  of  this  aspect  are  required. 
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tion  of  the  data,  we  suggest  that  the  so  called  "new  line 
is  actually  the  lower  branch  of  the  polariton  FE(L). 
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Abstract 

Nonlinear  impurity-related  optical  switching  at  low  temperatures  was  found  in  CdS  at  moderate  illumination 
intensities.  A  theoretical  analysis  of  this  effect  based  on  the  bleaching  of  ionized  acceptor  states  is  performe.l  with 
the  help  of  generation-recombination  kinetics  and  travelling  field  equations.  We  demonstrate  by  numerical 
simulation  that  the  optical  switching  prcKcss  involves  a  switching  front  that  propagates  from  the  front  facet  where 
the  e.xciting  laser  light  enters  the  crystal  to  the  far  end  of  the  crystal.  Experimental  evidence  for  our  theoretical 
prediction  is  presented.  The  experimental  results  were  obtained  with  the  help  of  a  pump-and-probe  experiment 
where  the  probe  was  perpendicular  to  the  pump  and  placed  at  various  positions  along  the  crystal.  The  results  show  a 
clear  dependence  of  the  onset  of  the  transmitted  pulse  with  regard  to  the  onset  of  the  pump  pulse  on  the  position  of 
the  probe  along  the  crystal.  Problems  asstKiated  with  the  experiment,  i.e.  that  the  results  could  only  be  obtained  for 
a  narrow  regime  of  (temporal)  mean  pump  intensities,  are  discussed. 


I.  Introduction 

In  previous  experiments  the  transmissivity  of 
not  intentionally  or  lightly  In-doped  CdS  crystals 
under  moderate  laser  excitation  with  photon  en¬ 
ergies  just  below  the  fundamental  absorption  edge 
was  studied  [1,2].  The  crystals  were  kept  in  super- 
fluid  helium  and  the  laser  light  was  pulsed  as  to 
avoid  heating  effects.  A  switching  of  the  crystals 
from  a  state  of  low  transmissivity  into  a  state  of 
high  transmissivity  was  found.  It  was  conjectured 
that  the  switching  might  be  due  to  a  transmissive 
optical  bistability  [Ij.  To  find  out  if  the  crystals 
indeed  perform  such  an  optical  bistability,  we  put 
forward  a  spatially  homogeneous  three-level 
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model  containing  the  acceptor  states,  the  donor 
states  and  the  conduction  band  [3].  Similar  to  a 
proof  for  a  particular  two-level  model  [5],  we 
showed  that  this  spatially  homogeneous  three- 
level  model  does  not  exhibit  transmissive  optical 
bistability  if  the  reflectivity  of  the  crystal  surfaces 
is  below  ,33'"'r  [6].  This  is  the  same  condition  for 
the  occurrence  of  transmissive  optical  bistability 
as  deduced  tor  the  particular  two-level  model. 
Since  the  natural  surface  reflectivity  of  CdS  in 
the  spectral  range  studied  is  only  25''< .  we  ex¬ 
cluded  transmissive  optical  bistability  as  the  un¬ 
derlying  mechanism  of  the  observed  switching 
into  a  state  of  high  transmissivity.  However,  within 
the  framework  of  the  spatially  homogeneous 
thrcc-lcvcl  model,  we  showed  that  the  switching 
reported  in  ref.  [1]  is  due  to  the  temporal  form  of 
the  excitation  [3]. 
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Since  the  above  result  and  further  investiga¬ 
tion  [6]  showed  that  the  essential  physics  is  also 
contained  in  a  two-level  model  obtained  by  ne¬ 
glecting  the  donors,  we  have  analysed  the  nonlin¬ 
ear  spatio-temporal  solutions  that  arise  if  one 
simulates  an  excitation  as  in  the  experiment  with 
the  help  of  a  two-level  model.  Here  we  will 
review  and  extend  our  theoretical  predictions  al¬ 
ready  reported  in  ref.  [7]  and  add  an  experimen¬ 
tal  result  that  supports  the  theory. 


2.  The  two-level  model 

In  contrast  to  our  previous  three-level  model, 
where  we  considered  the  recombination  of  elec¬ 
trons  in  the  conduction  band  as  well  as  the  re¬ 
combination  of  electrons  at  neutral  donor  sites 
into  neutral  acceptor  sites  [3],  we  will  now  con¬ 
sider  the  recombination  of  electrons  in  the  con¬ 
duction  band  only.  This  can  be  interpreted  as 
merging  the  two  recombination  channels  con¬ 
tained  in  the  previous  model  into  an  effective 
recombination  channel.  For  the  spatially  homoge¬ 
neous  case  our  previous  model  then  reduces  to 
the  following  equations: 

(i)  The  rate  equation  for  the  spatially  homoge¬ 
neous  ionized  acceptor  density  //,.^(/)  becomes 

d 

—  n,dt)  =  “IFx  nA(0 

+  '/’a[^a-«a(0|  «(t).  (I) 

Here  is  the  transition  coefficient  for  the 
photoexcitation  of  electrons  from  ionized  accep¬ 
tor  sites  into  the  conduction  band.  is  the 
transition  coefficient  for  the  recombination  of 
electrons  in  the  conduction  band  into  neutral 
acceptor  states,  is  the  density  of  acceptor 
states  and  is  the  density  of  photons  in  the 
crystal. 

(ii)  The  local  charge  neutrality  condition, 
which  yields  the  spatially  homogeneous  density 
ti(t)  of  carriers  in  the  conduction  band,  becomes 

"(0  ='Va-«a{0-  (2) 


(iii)  The  equations  for  the  travelling  field  am¬ 
plitudes  t)  propagating  in  the  ±z  direc¬ 

tion  remain 

=  -~^n^{t)EUz.t).  (3) 

The  travelling  field  amplitudes  are  normalized, 
e.g.,  to  cm'^’.  /'  is  the  confinement  factor  and 
is  the  velocity  of  the  laser  light  in  the  crv'stal. 

(iv)  The  boundary  conditions  for  the  travelling 
field  amplitudes  remain 

£*(().  !)  =  /l  -r- EJi)  -  ^r- E  (0.  /). 

E  ((/.  /)  =  -]fP  E'(tl.  I). 

'£'oui(')  =  v'"] f).  (4) 

Here,  r’  is  the  reflectivity  of  the  CdS  surface  in 
the  spectral  range  studied.  E,„{i)  and  are 

the  travelling  field  amplitudes  of  the  incident  and 
transmitted  laser  light,  respectively,  and  </  is  the 
thickness  of  the  crystal  in  r  direction. 

(v)  The  spatially  areraged  photon  density 

Nphfr)  is  still  given  by 


When  extending  the  above  equations  to  the  spa¬ 
tially  inhomogeneous  situation  in  the  direction  of 
the  light  propagation  (c  direction),  one  ha,,  to 
discuss  in  which  way  the  standing  wave  pattern 
created  by  the  light  beams  propagating  in  the  -t-r 
and  -c  directions  has  to  be  taken  into  account, 
since  effects  due  'o  the  standing  wave  pattern  can 
lead  to  transmissive  optical  bistability  for  surface 
reflectivities  below  33^4  [8].  For  the  case  we  are 
considering,  this  leads  to  the  question  in  how  far 
the  distribution  of  the  acceptors  allows  for  a 
spatial  modulation  of  a  r-dependent  ionized  ac¬ 
ceptor  dei.sity  i)  on  the  scale  set  by  the 

standing  wave  pattern.  This  can  be  answered  by 
calculating  the  mean  distance  between  two  neigh- 
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bouring  acceptors,  (Az)  =  With  =  Id'*’ 

cm  ’  we  find  ( Jc)  =  5  x  10  cm.  The  scale  set 
by  the  standing  wave  pattern  of  the  light  in  the 
crystal  is  =  A^/(2^e,  )  with  A,  =  480  nm  (1] 
being  the  vacuum  wavelength  of  the  light  and 
e,  =  5.5  [9]  being  the  dynamic  dielectric  function 
at  infinite  frequency.  From  this  we  find  = 
10  '  cm.  So  we  find  that  the  mean  distance 
between  two  acceptors  corresponds  to  the  dis¬ 
tance  between  two  nodes  of  the  standing  wave 
pattern.  Thus  the  standing  wave  pattern  does  not 
have  to  be  taken  into  account  when  extending  the 
above  model  to  the  spatially  inhomogeneous  situ¬ 
ation  in  the  longitudinal  direction. 

Secondly,  one  has  to  discuss  the  influence  of 
drift  and  diffusion  processes  associated  with  the 
electrons  in  the  conduction  band.  To  do  this,  one 
has  to  consider  the  length  and  time  scales  associ¬ 
ated  with  the  drift-diffusion  process  and  those 
either  set  by  the  experimental  set-up  or  given  by 
the  slowly-vary  ing  amplitude  approximation  which 
was  made  to  derive  Eq.  (.5).  To  be  consistent  with 
the  slowly-varying  amplitude  approximation,  we 
have  to  restrict  ourselves  to  length  scales  (A^,,,^) 
much  larger  than  the  wavelength  of  the  exciting 
laser  light  in  the  crystal  and  to  time  scales  (Xii.,r^ 
much  longer  than  the  inverse  laser  light  fre¬ 
quency.  This  restriction  is  in  accordance  with  the 
experimentally  used  spatial  and  temporal  resolu¬ 
tion.  The  length  scale  A  and  the  time  scale  y 
associated  with  the  drift-diffusion  problem  are 
the  effective  Debye  length  and  the  effective 
Maxwell  dielectric  relaxation  time,  respectively. 
For  parameters  which  are  typical  for  CdS  at  low 
temperatures,  we  have  outlined  that  A/A^i,^„. 
■y/Xh.ir  Thus  drift-diffusion  can  be 

treated  in  a  perturbative  way  similar  to  the  singu¬ 
lar  perturbation  theory,  which  in  leading  order 
yields  the  model  equations: 

l)  =  t)  n,^(z.t) 

+  -"a(  -■  O]  "(  O- 

(b) 
(7) 


Fig.  1.  Fil  Oinc)  li>  an  experimental  incident  laser  light  pulse 
(dots).  The  intensity  is  normalized  to  iinit\ 

a  a 

-TM-'-Olr  ~T-(c.O 

(U  fC 

/Tt\ 

= - t  '(z.t).  (S) 

Np„(r.t)=lE-{c./)l'+|T  {z.t)\-.  (9) 

for  the  .spatially  inhomogeneous  situation  in  the 
direction  of  the  light  propagation.  The  boundary 
conditions  for  /•.’  '(r.  r)  are  still  given  by  (4). 

In  the  next  section  we  will  analyse  the  spatio- 
temporal  dynamics  associated  with  an  excitation 
of  a  C’dS  crystal  as  applied  in  ref.  [1], 

3.  Front-like  solutions 

I'o  simulate  an  e.xcitation  as  used  in  ref.  [I].  we 
fitted  an  experimentally  obtained  excitation  pulse 
as  shown  in  Fig.  I.  Using  the  fit  and  scaling  it  in  a 
way  that  its  temporal  mean  incident  intensity 
corresponded  to  100  kW/cm  \  we  obtained  the 
results  illustrated  in  Figs.  2  and  for  a  system  of 
2  mm  thickness  and  a  surface  renectivity  of  25U . 


Fig.  2.  SpatiD'tcmpt)ral  evolution  (a)  of  the  photon  deiiMtv 
and  (b)ol  the  iom/ed  acceptor  density  while  an  incident  l.is«-r 
light  pulse  with  a  shape  as  shown  In  Fig.  I  was  applied.  I  he 
Icmptual  mean  incident  intensitv  of  the  pulse  was  UM) 
kW/cm’.  r'  was  2.*'%  and  </  was  2  mm. 


n(  z.  I)  ==  z.  l). 
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!  ij:  v  Rcsulls  of  the  sinuihilion  for  a  cr>sial  with  </  =  2  mm 
and  -  25'^.  I'hc  temporal  mean  incident  intensity  /|.  «>f  the 
piiKe  was  11)0  kW  cni’.  (a)  loni/ei!  acceptor  densits  as  a 
function  I'f  the  spatial  position  c  hir  different  i  —  1.2  ns.  2.0 
ns.  .VO  IIS.  5.2  ns  (from  left  to  right),  (b)  loni/ed  acceplt»r 
densit>  as  a  function  ol  lime  /  h^r  three  different  positiims 
along  2.  i.e,  lor  c  0  (D.  c  =  I  mm  (II)  and  c  =  2  mm  (III), 
(c)  I  ronl  \elocit\  i  |  as  a  function  c^f  time. 


riic  kilter  value  ecirresponds  tu  the  natural  sur- 
taee  ret'leetis ity  iif  CdS  in  the  speetral  range 
^ludied. 

l  igs.  2a  and  2b  depiet  the  spatio-temporal 
photon  and  ionized  aeeeptor  density,  respeetively. 
Clearly  I'ront-like  struetures  emerge  that  traverse 
the  ervstal  and  do  not  reoeeur  while  the  incident 
intensity  decreases.  Note  that  V|,|,(tl.  i)  is  given 
b\  the  square  ol  the  sum  composed  of 

,(l  '■  J  and  ri:  {(!./). 

with  l„(i)  being  illustrateil  in  F’ig.  I  and  <a  being 
the  frequency  of  the  e.xciting  laser  light. 

l  ig.  .^a  shows  the  ionized  acceptor  density  as  a 
tunction  of  r  for  t  1..^  ns.  2.b  ns.  ns  and  5.2 
ns.  .As  is  obvious,  the  front  moves  at  a  nonuni- 
lorm  velocity  r,  .  By  analysing  the  lime  evolution 
ol  the  deOection  point  of  ti  y}  z.  t )  one  can  gel  an 
estimate  of  r,  as  a  funetion  of  time  (F  ig.  I  he 
ma.ximum  r,  is  about  (i  x  Id’'  cm/s.  It  can  be 
intuitively  understood  that  the  shape  of  (  ,(/) 
follows  the  shape  of  /,,( i )  (I'ig.  I )  within  the  lime 
period  during  which  the  front-like  structure  exists 
in  the  crystal  in  Ihe  following  way;  Neglecting 
recombination,  the  characteristic  lime  which 
the  front  needs  to  bleach  a  characteristic  pene¬ 
tration  depth  given  bv  the  absorption  length 


/  ,./(/  -  is  determined  by  r=  1/ 

(fC^A/p„(c,. /))  (see  Hq.  (6)).  \,(z,-.f)  repre¬ 
sents  the  photon  density  at  time  i  at  the  position 
c,  of  the  front.  As  long  as  the  front  is  not  too 
close  to  the  far  end  of  the  crystal  /•  i  z.  t)  will  be 
negligible  compared  to  K'(z.  i)  at  the  front  po¬ 
sition.  Finally,  the  regions  passed  by  the  front  can 
be  considered  as  entirely  bleached  (Fig.  .5a).  so 
that  7  can  be  approximated  by  l/[B/(l  - 
I  “(f )].  Since  /||(r )  =  fjoi/ 1 //„  l‘( f ).  we 
find  for  this  particular  simulation 

'■/  =  ( >  -  I'NJtio).  (  Id) 

Finally  Fig.  .5b  illustrates  the  ionized  acceptor 
density  as  a  function  of  time  for  three  different 
positions  along  the  crystal  (front  (1).  centre  (11) 
and  back  (111)).  Since  »,y{z.  i)  is  proportional  to 
the  absorption  coefficient,  this  figure  illustrates 
that  the  transmissivity  switches  up  (i.e.. 
switches  down)  at  differem  times  for  the  diffcrcni 
positions  along  the  crystal. 

4.  L'xperiment 

With  reference  to  Fig.  5b  we  tried  to  gain 
experimental  evidence  of  the  switching  front  by 
using  the  experimental  set-up  shown  in  Fig.  4:  .A 
pump  pulse  of  intensity  Z,,  is  directed  onto  a  C'dS 
crystal  of  2  mm  thickness.  The  temporal  mean 
incident  intensity  I,,  was  lilt)  kW/em’.  Perpen¬ 
dicular  to  Ihe  pump  a  probe  beam  with  temporal 
mean  intensity  /,,  =  I  kW/enr  was  applied  at 
different  positions  along  the  crystal  (front,  centre 
and  back  corresponding  to  A,  B  and  C'  in  Fig.  4. 


l  ij:.  4.  Sketch  ol  Ihc  experiment. il  set  up  useil  to  tibserse  the 
vv-itehinii  trunt.  /,.  pump  !;isei  mteiiMlx.  .mtl  /,,  ami  /, 
ineulenl  and  transmitted  probe  laser  inlensitx.  ,\.  H  .ind  (  are 
jxwitions  ot  the  iiu  ident  pn'bc  laser  beam 
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respectively).  There  was  no  delay  between  the 
pump  and  the  probe  pulse.  The  intensity  /,  of 
the  probe  puJ.se  transmitted  by  the  crystal  was 
measured  and  compared  with  its  intensity  before 
traversing  the  sample  (Fig.  5).  Fig.  5a  shows  the 
transmitted  (a)  and  incident  (/3)  probe  pulses  as 
a  function  of  time  for  the  three  different  posi¬ 
tions  along  the  crystal,  and  Fig.  5b  depicts 
over  time.  In  Fig.  5a,  the  pulses  were  normalized 
.so  that  the  incident  and  the  transmitted  intensi¬ 
ties  as  a  function  of  time  coincide  at  the  begin¬ 
ning  of  the  excitation  for  each  of  the  positions 
along  the  crystal.  Note  that  consequently  curves 
(rt)  and  (^)  are  normalized  by  different  units. 
The  closer  the  probe  laser  is  to  the  front  facet 
where  the  pump  laser  enters  the  crystal,  the 
srxrner  occurs  the  switch-up  of  the  induced  trans¬ 
missivity  with  regard  to  the  pump  pulse.  The 
induced  transmissivity  shows  up  as  an  increased 
intensity  in  (a)  relative  to  the  incident  intensity 


:i7 

(fi).  This  can  be  interpreted  as  a  bleaching  front 
of  the  pump  pulse  which  travels  through  the 
crystal  in  r  direction,  and  behind  which  the 
bleached  region  leads  to  a  high  induced  transmis¬ 
sivity  for  the  probe  pulse  (see  also  Fig.  3b). 

With  the  help  of  Fig.  5b  we  can  estimate  the 
velocity  l  y  of  the  switching  front;  At  the  far  side 
the  up-switch  occurs  about  Ins  later  than  at  the 
near  side.  Since  the  crystal  has  a  thickness  of 
about  2  mm,  we  get  an  order  of  magnitude  c,.  =  2 
X  lO**  cm/s.  This  is  about  3  times  smaller  than 
the  peak  velocity  of  l  y  predicted  theoretically  for 
the  same  situation  as  in  the  experiment. 


5.  Discussion 

According  to  our  investigations,  the  switching 
observed  in  ref.  [1]  is  associated  with  a  switching 
front  which  moves  through  the  crystal.  The 


TIME  (ns)  time  (ns) 

Pig.  5.  (ii)  Measured  intensity  <>1  the  transmitted  and  the  incident  iff)  probe  pulse  as  a  tunction  ol  time  for  varitms  fH^siiions  o| 
the  probe  laser  along  the  crystal  (A.  B  and  (').  (b)  Measured  transmissivity  /j//„  as  a  function  of  lime  for  the  various  jstnitions 
along  the  crystal.  / ,  denotes  the  transmuted  and  /„  the  incident  intensity  both  of  the  probe  pulse.  The  crystal  was  kept  at  2  K  7  he 
wavelength  A  emitted  by  the  pump  laser  as  w-ell  as  by  the  probe  laser  was  4Sh  nm  and  the  transversal  electric  field  R  emitted  b\ 
each  of  the  lasers  was  perpendicular  to  the  c  axis  of  the  crystal.  The  temporal  mean  incident  intensity  of  the  pump  pulse  was 
IIMI  kW/cm‘  and  that  of  the  probe  pulse  (/„)  was  I  kW/cm'.  The  thickness  of  the  crystal  was  2  mm. 
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switching  front  separates  the  bleached  spatial  re¬ 
gion  from  the  unbleached  one.  It  moves  at  a 
velocity  not  constant  in  time.  We  have  presented 
for  the  first  time  a  theoretical  estimate  of  the 
peak  velocity  dependent  on  the  temporal  mean 
incident  intensity  applied  (see  (10)). 

E.xperimental  evidence  has  been  given  for  our 
theoretical  result.  The  problem  related  with  the 
e.xperiment,  however,  is  that  we  could  find  the 
results  depicted  in  Fig.  5  only  in  a  narrow  regime 
of  temporal  mean  pump  intensities.  We  conjec¬ 
ture  that  this  is  due  to  the  following  two  facts; 

(i)  If  /|.  is  chosen  too  low,  the  data  become  too 
noisy,  making  an  analysis  with  regard  to  the 
switching  front  impossible. 

(ii)  If  7|,  is  chosen  too  high,  then  will  be  too 
fast  to  be  detectable  by  nanosecond  experiments. 

6.  Acknowledgements 

The  financial  support  of  the  Deutsche 
Fttr.schungsgcmcin.schaft  (DFG)  is  gratefully  ac¬ 


knowledged.  M.N.  and  J.G.  thank  R.  and  1.  Broscr 
for  supplying  the  CdS  crystal. 


7.  References 

1 1]  T.  Hiinig  and  J.  Gulowski.  Phys.  Status  Solidi  (b)  I.Sd 
(I9S8) 

[2]  T.  Hdnig  and  J.  Gutowski.  Phys.  Status  Solidi  (b)  I.s9 
(I WO) 

l.^]  R.  Schmolke.  E.  Scholl  and  J.  Gutowski.  J.  Crystal  Growth 
117  (1W2)  650. 

(4]  P.N.  Butcher  and  D.  Cotter.  The  Elements  of  Nonlinear 
Optics  (Cambridge  Universiy  Press.  Cambridge.  IWO). 

15]  B.S.  Ryvkin.  Soyiet  Phys.  Semicond.  19(1985)  I. 

16]  R.  Schmolke.  PhD  Thesis.  Technical  University  of  Berlin 
(Kdster.  Berlin.  199.1). 

17]  R.  Schmolke.  E.  Scholl.  M.  Niigele  and  J.  Gutowski.  Adv. 
Mater.  Opt.  Electron.,  in  press. 

18]  F.  Uenneberger.  Phys.  Status  Solidi  (b)  1.17  (1986)  .171. 

19]  I.  Broscr.  R.  Broser  and  I.  Rosenzweig.  in:  Landolt-Bdrn- 
stein.  Vol.  Ill/I7b.  Eds.  K.-I).  Ilellwege  and  O.  Madelung 
(Springer.  Berlin.  1982). 


lOulNAv  0> 


CRYSTAI- 

GROWTH 


Kl-St;VlKR  Journal  of  C  rystal  Growth  1 38  ( 1 W4)  214-224 


Photoluminescence  of  vapor  and  solution 
grown  ZnTe  single  crystals 

Y.  Biao  ",  M.  Azoulay  ",  M.A.  George  ",  A.  Burger  *  ",  W.E.  Collins  ",  E.  Silberman  ", 
C.-H.  Su  ^  M.E.  Volz  ^  F.R.  Szofran  ^  D.C.  Gillies  ’’ 

"  Center  for  Photonie  Materials  and  Dei  ices.  Departmeni  of  Physics,  Fisk  Unii  ersity.  Nashi  ille.  Tennessee  .V20S.  t  '.SH 
^  Space  .Science  Lab.  .Marshall  Space  Flipht  Center.  Huntsi  iUe.  .Alabama  3SSI2.  USA 


Abstract 

ZnTc  single  crystals  grown  by  horizontal  physical  vapor  transport  (PVT)  and  by  vertical  traveling  healer  method 
(THM)  from  a  Tc  solution  were  characterized  by  phololumincsccnce  (PL)  at  10.6  K  and  by  atomic  force  microscopy 
(AFM).  Copper  was  identified  by  PL  as  a  major  impurity  e.xisting  in  both  crystals,  forming  a  substitutional  acceptor. 
Cu^„.  The  THM  ZnTc  crystals  were  found  to  contain  more  Cu  impurity  than  the  PVT  ZnTe  crystals.  The  formation 
of  Cu/„-V,^.  complexes  and  the  effects  of  annealing,  oxygen  contamination  and  intentional  Cu  doping  were  also 
studied.  Finally,  the  surface  mytrphology  analyzed  by  AFM  was  correlated  to  the  PL  results. 


I.  Introduction 

High  purity  and  good  quality  single  crystals  of 
ZnTe  have  been  grown  by  various  techniques 
over  the  years  for  their  potential  application  as 
visible  light  en  Tting  devices.  Most  of  them  were 
grown  at  temperatures  below  the  melting  point 
(129()°C)  of  ZnTe,  which  improved  the  crystalline 
perfection  and  reduced  the  po.ssibility  of  contami¬ 
nation  from  or  through  crucibles.  However,  rela¬ 
tively  high  levels  of  unintentional  dopants,  partic¬ 
ularly  Cu,  have  been  usually  found  in  the  grown 
crystals  [1,2],  Similar  to  other  direct-gap  semicon¬ 
ductors,  the  low  temperature  PL  spectrum  of 
ZnTc  crystals  consists  of  three  regions;  (A)  shal¬ 
low-level  free  or  bound  excitons  (2.2.‘>-2.39  eV); 
(B)  donor-acceptor  pair  (DAP)  recombination 
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(2.1()-2.2.‘>  eV);  and  (C)  deep-level  defects,  such 
as  vacancy  complexes  (1.60-2.10  eV).  The  free- 
exciton  recombinations  were  identified  at  2.381 
eV  for  (X)„, ,.  2..391  eV  for  (X)„^,  and  2.392  eV 
for  (X)„^  „  and  a  direct  energy  gap  (L'g)  of  2.3941 
eV  was  estimated  by  photoluminescence  at  1.6  K 
(3).  A  center  is  considered  simple  when  an  impu¬ 
rity  or  a  vacancy  occupies  a  Zn  or  the  Te  lattice 
site,  .such  as  Cu;,^  and  V^^..  and  contributes  a 
single  additional  charge  carrier:  its  energy  levels 
arc  analogous  to  that  of  hydrogen.  Consequently, 
the  activation  energy  of  the  single  carrier  bound 
to  the  substitutional  impurity  is  close  to  that 
calculated  from  the  hydrogen  model.  The  typical 
emission  of  A^,".  a  Cu  acceptor  substituting  for 
Zn  atoms,  has  been  found  at  2.3746  eV  in  the 
1. 6-4.0  K  temperature  range,  although  its  emis¬ 
sion  peak  is  sometimes  observed  to  broaden  and 
shift  towards  lower  energy  as  the  temperature 
and  Cu  concentration  increase  [4,5],  In  high  qual- 
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ity  ZnTe  crystals,  the  two-hole  transition,  having 
an  energy  difference  of  123  mcV,  may 

be  used  as  evidence  for  Cu  impurity. 

Deep  level  emissions  were  sometimes  observed 
in  the  PL  spectra  of  PVT  grown  ZnTe  crystals. 
These  levels  are  very  broad  and  have  too  high  a 
binding  energy  to  be  hydrogenic  centers,  so  they 
are  referred  to  as  complex  centers.  Besides  Zn 
vacancy  and  Tc  vacancy  complexes,  deep  levels 
associated  with  O,  Cu.  Mn,  Pb,  Sn,  and  some 
other  transition  metals  could  become  part  of  these 
complexes.  As  the  binding  energy  of  an  electron 
or  a  hole  bound  to  a  single  substitutional  impu¬ 
rity  increa.ses,  the  interaction  of  the  electron  with 
the  lattice  vibrations  or  the  electron-phonon 
coupling  gets  stronger.  In  this  particular  case  the 
longitudinal  optical  (LO)  phonon  coupling  is  by 
far  the  strongest  because  of  the  polarization  field 
associated  with  it.  The  phonon  energies  of  LO(f’), 
LO(X).  LA,  TO(  /')  and  TA  were  measured  to  be 
26.1.  2,^.6.  1.^.6,  22.5  and  5.7  meV.  respectively 
[.7].  In  this  work  we  have  performed  low  tempera¬ 
ture  PL  measurements  of  ZnTe  crystals  grown  by 
PVT  and  THM  in  order  to  identify  the  presence 
of  impurities  and  native  defects  associated  with 
these  growth  techniques.  The  morphology  of  the 
crystal  surfaces  were  analyzed  by  AFM  and  corre¬ 
lations  to  the  PL  spectra  were  obtained. 


2.  Experimental  procedure 

Single  crystals  of  ZnTe  were  grown  without 
any  intentional  doping  by  two  different  tech¬ 
niques:  horizontal  physical  vapor  transport  (PVT 
ZnTe)  and  vertical  traveling  heater  method  from 
tellurium  solution  (THM  ZnTe).  In  order  to  con¬ 
firm  the  nature  of  the  impurities  in  both  the  PVT 
and  THM  grown  crystals,  Cu  was  diffused  into 
the  PVT  ZnTe  crystals  by  depositing  a  thin  film 
t)f  Cu  onto  its  wafers,  annealing  them  for  1  h  at 
25()'’C,  and  then  removing  the  remaining  Cu  film 
by  etching.  As  a  reference,  another  as-grown  PVT 
crystal  went  through  the  same  annealing  prtKC- 
dure,  but  without  Cu  deposition.  Previous  chemi¬ 
cal  analysis  data  and  low  temperature  IR  trans¬ 
mission  measurements  indicated  that  the  PVT 
ZnTe  single  crystals  had  a  better  overall  purity 


than  the  THM  ZnTe  crystals  [2].  Both  of  them 
and  PVT  ZnTe :  Cu  crystals  were  further  aged  at 
ambient  for  about  6  months,  and  then  annealed 
under  vacuum  at  6(K)°C  for  1  h.  The  samples  were 
either  cleaved  or  polished  and  etched,  with  a  5^r 
bromine  in  methanol  solution,  for  PL  and  AFM 
measurements. 

Low  temperature  PL  measurements  were  per¬ 
formed  on  crystal  samples  which  were  cooled 
down  to  10.6  K  by  a  APD  Cryogenic  Inc  system 
equipped  with  dual  HC-4MK1  helium  compres¬ 
sors.  The  488.0  nm  line,  with  power  of  15 
mW/mm-,  from  an  ILT  5500A  air-cooled  argon 
ion  laser  was  selected  for  excitation.  The  PL 
spectra  were  recorded  using  a  Spex  1877D 
Triplemate  Spectrophotometer  and  a  liquid  nitro¬ 
gen  cooled  CCD  detector.  In  the  spectrograph 
stage  of  the  spectrometer,  a  .70  /urn  slit  and  a  300 
grooves/mm  grating  were  employed. 

The  surface  morphology  of  the  single  crystals 
was  studied  by  atomic  force  microscopy  (AFM). 
using  a  Digital  Instruments  Nanoscope  11. 
equipped  with  piezoelectric  tube  scanners  allow¬ 
ing  imaging  of  cleaved  or  polished  crystals  from 
atomic  resolution  up  to  130  //m  maximal  .scans. 
The  cantilevers  were  commercial  nanoprobes, 
made  of  gold  coated  silicon  nitride  with  a  force 
constant  of  0.06  N/m. 


3.  Results  and  discussion 

Fig.  1  shows  the  full  range  photolumine.scence 
spectra  of  PVT  ZnTe  crystals  at  10.6  K;  annealed 
at  250'’C  (Fig.  la),  aged  for  about  6  months  (Fig. 
lb),  and  annealed  under  vacuum  at  6(K)°C  for  1  h 
(Fig.  Ic).  In  the  spectrum  shown  in  Fig.  la,  the 
principal  bound  exciton  (PBE)  at  2.3746  eV 
(FWHM  =  1.0  meV)  has  been  attributed  to  the 
exciton  bound  to  Cu  acceptor.  A','’.  The  interval 
on  the  lines  above  the  spectra  represent  the  suc¬ 
cessive  LO-phonon  replicas.  The  LO-phonon 
replica  peaks  and  two-hole  transition  (AS“)  at 
2.2495  eV  are  relatively  sharp  and  strong  to  be 
identified  together  with  A‘“.  The  energy  differ¬ 
ence  between  A^|“  and  AS",  known  as  £(.„(ls)- 
/■S(  J2s)  for  a  hydrogenic  mtxiel.  is  the  same  as 
that  found  in  the  literature  [3,5],  The  lines  la- 


Y.  Biao  et  at. /Journal  of  Crystal  Growth  J3S  ( 1094)  219-224 


C  •  B  ■  *  A 


ENERGY  (eV) 

Fig.  I.  Phololuminescence  spectra  of  a  PVT  ZnTe  sample,  at 
lO.ft  K:  (a)  annealed  at  25(PC  (b)  aged  at  ambient  for  about  6 
months,  and  (c)  annealed  under  vacuum  at  600®C  for  I  h. 


beled  C„  arc  also  observed  in  the  spectrum  and 
probably  involve  excitons  bound  to  Cu  complexes 
[5].  The  lines  C.,  and  C,  resulted  from  an 
exciton  bound  to  a  common  Cu-related  neutral 
("isoelectronic  ")  trigonal  complex  defect  [6].  The 
Cj  and  C,  lines  appear  at  positions  different 
from  ref.  [5],  The  donor-acceptor  pair  (DAP) 
band  and  its  LO-phonon  replica  were  interpreted 
as  due  to  the  recombination  between  a  donor  and 
Cu  acceptor  defect  levels,  labeled  as  (D",  A'(  u). 
Additionally,  the  occurrence  of  an  asymmetric 
broad  band  at  1.72  eV  indicates  that  more  than 
one  kind  of  vacancy  complex  may  be  present, 
Cu^n-V^.  and  V/„-Vy^.  are  two  possible  complex 
centers  causing  the  asymmetry.  In  Fig.  lb,  the 
peak  broadening  due  to  aging  at  ambient  reduces 
the  sharpness  of  the  aS“  and  C„  series,  and  the 
FWHM  of  the  PBE  peak  is  broadened  to  4.5 
meV,  for  example.  When  the  temperature  of  the 
sample  was  increased  to  30  K,  the  FB  line  be¬ 
came  more  intense  while  the  DAP  band  de¬ 
creased  in  intensity.  A  slightly  more  symmetric 
deep  level  band  (around  1.75  eV)  is  interpreted 
as  being  caused  by  the  fact  that  defects  arc 
gradually  occupied  by  mobile  Cu  atoms  to  form 
more  Cu/„-V,,,  centers.  After  annealing  at  6(X)°C. 
the  PVT  ZnTe  crystals  became  very  stable  and 
exhibited  a  different  PL  spectrum,  as  shown  in 


Fig.  Ic.  The  free  exciton  recombination  is  re¬ 
solved  from  the  PBE  line,  while  the  LO-phonon 
replicas  of  A*,"  have  almost  vanished.  Cu  has  a 
very  high  diffusion  coefficient  in  ZnTe  and  conse¬ 
quently  has  a  very  high  degree  of  association  with 
other  point  defects  (including  other  copper  atoms) 
present  in  the  crystal,  as  indicated  by  the  peaks  of 
the  C„  series  which  are  intense  enough  to  overlap 
the  occurrences  of  the  DAP,  the  FB  and  the  AL'' 
transitions. 

Fig.  2  shows  the  PL  spectra  of  PVT  ZnTe  :  Cu 
crystals:  (a)  after  the  Cu  diffusion  at  250°C.  (b) 
after  aging,  and  (c)  after  annealing  under  vacuum 
at  6(K)°C  for  I  h.  Spectrum  2a  shows  features 
which  are  very  different  from  the  spectra  found 
in  the  literature  and  those  obtained  by  us  on 
samples  which  were  highly  contaminated  by  Cu 
during  growth.  The  line  at  2.3827  eV  and  a  small 
shoulder  at  2.3895  eV  are  attributed  to  D,'  and 
the  free  exciton  (x).  respectively.  A  new  set  of 
[DAP]|  at  2.3215  eV  and  associated  phonon  repli¬ 
cas  may  be  attributed  to  interstitial  Cu.  The  oc- 
currenee  of  C,,,  line  and  its  phonon  coupling  are 
due  to  copper  diffusion.  The  spectrum  in  Fig.  2b 
is  similar  to  that  in  Fig.  lb,  which  indicates  that 
the  Cu  impurity  has  completely  diffused  into  the 
crystal  lattice  to  occupy  V^„  and  form  more  Cu^.^ 
centers.  The  vanishing  of  the  [DAP]|  makes  DAP 
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Fig.  2.  Photolumincscence  spectra  of  C'u  doped  PVT  grown 
ZnTe  sample,  at  10.6  K:  (a)  after  the  Cu  diffusion  at  2?(rc. 
(b)  aged  at  ambient  for  about  6  months,  and  (c)  annealed 
under  vacuum  at  600®C  for  I  h. 
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and  FB  well  resolved.  The  Cu  diffusion  alst)  pro¬ 
duced  more  defects  associated  with  the  broad 
band  at  1.78  eV  (probably  Cu^^^-V,^.  centers),  the 
sharp  line  Cg  and  its  two  successive  LO-phonon 
replicas.  After  annealing  the  crystal,  it  can  be 
observed  in  the  speetrum  shown  in  Fig.  2c  that 
is  broadened  and  decreased  in  intensity,  and 
that  the  structure  of  the  C„  series  is  clearly 
resolved.  The  broad  band  at  1.78  eV  and  the 
triple  lines  have  almost  vanished.  New  peaks  at 
1.97  eV  were  produced  during  the  annealing  pro¬ 
cess.  These  are  thought  to  be  due  to  in  the  form 
of  oxygen  centers  without  the  fine  struc¬ 

ture  of  the  Zn-O  axial  centers. 

The  larger  intensity  ratio  of  PBE  to  C,  in  Fig. 
Ic.  as  compared  to  Fig.  2c,  indicates  that  the 
undoped  crystals  contain  less  total  Cu  impurity, 
and  the  PL  structure  of  la  is  comparable  to  that 
of  the  crystals  having  Cu  atoms  of  about  10'^ 
cm  '  [.'>).  Earlier  studies  on  the  PVT  ZnTc  crys¬ 
tals  with  chemical  analysis  showed  that  an  unin¬ 
tentional  Cu  concentration  of  ,S0  ppba  (,^  x  10’*’ 
cm  ■ ')  from  atomic  absorption  (  <  .KMM)  ppba  from 
spark  source  mass  spectrography),  while  no  IR 
absorption  was  observed  [2]. 

The  full  range  photoluminescence  spectra  of  a 
THM  grown  ZnTe  crystal  are  shown  in  Fig.  y.  (a) 
as-grown  crystal:  (b)  aged  crystal  for  about  6 
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Fig.  y.  Phololumincsccncc  spectra,  at  lO.h  K.  of  a  ZnTc 
crystal  grown  by  THM:  (a)  as-grown  crystal,  (bl  aged  crystal 
for  about  ft  months,  and  (c)  annealed  at  fttKTC.  in  vacuum  for 
I  h. 


months;  and  (c)  re-aimealed  at  bOO’C  for  1  h.  The 
broad  band  of  deep  level  with  the  center  of  1.9 
eV  has  the  typical  triplet  fine  structure  of  a  L() 
phonon  replica,  and  its  zero-phonon  lines  at 
1.9874.  1,9798  and  1.9724  eV  can  be  explained  by 
the  associated  donor-acceptor  pair  (Zn-O) 
model,  assuming  axial  symmetry  [7,8].  In  the  THM 
sample  the  presence  of  oxygen  impurity  caused 
the  donor-bound-exciton  line,  D,.  at  2..^82.s  eV  to 
be  well  resolved.  The  oxygen  atom  might  act  as  a 
donor  and  affect  the  position  and  the  shape  of 
the  DAP  peak  and  its  replica.  The  intensity  ratios 
for  PBE/DAP  and  PBE/Zn-O  center  are  equal 
to  LS  and  respectively.  The  A‘,“  line  still  ap¬ 
pears  as  a  typical  PBE,  together  with  the  D,  line. 
The  PL  spectrum  of  the  aged  crystal,  as  shown  in 
Fig.  .7b,  shows  the  occurrence  of  the  successive 
phonon  coupling  of  A‘|“.  In  Fig.  .7c  the  PL  spec¬ 
trum  of  the  THM  ZnTe  sample  after  annealing  at 
6(K)°C  for  1  h  is  shown:  when  compared  to  the 
unannealed  sample  and  the  annealed  PVT  ZnTe 
crystals  different  features  are  evident:  (i)  the 
strongest  emission  line  is  C,  instead  of  A‘|“.  (ii) 
the  triplet  structure,  together  with  LO-phonon.  in 
the  deep-level  region  has  vanished,  which  means 
the  decomposition  of  Zn-O  center.  The  DAP 
recombination  may  contribute  some  energy  of 
several  LO-phonons  to  the  Zn-O  center.  The 
speetrum  of  Fig.  ,7c  provides  evidence  that  the  C„ 
line  series  originate  from  complex  centers,  distin¬ 
guished  from  A‘|“,  and  that  these  complexes  are 
associated  with  Cu  and  O  atoms. 

Fig.  4  shows  AFM  images  of  (110)  crystallo¬ 
graphic  planes  cleaved  from  different  crystals. 
The  structure  of  the  cleavage  steps  appear  to  be 
affected  by  the  crystal  growth  method  or  by  post 
growth  treatments,  a  phenomenon  recently  ob¬ 
served  on  the  cleaved  surfaces  of  as-grown  and 
annealed  CdZnTe  crystals  [9].  The  steps  of  the 
THM  ZnTe  crystal  surface,  shown  in  Fig.  4a,  are 
not  as  straight  as  those  of  the  PVT  as  presented 
in  Fig.  4b.  The  post-growth  doping  of  the  PVT 
grown  crystal  with  Cu  at  2.‘>()°C  caused  a  modifi¬ 
cation  of  the  microstructure,  apparently,  as  a 
result  of  the  stress  induced  during  the  diffusion 
process.  This  effect  is  illustrated  in  the  image  of 
Fig.  4c,  where  the  shape  of  cleavage  steps  has 
been  deformed  and  presumably  Cu  inclusions  are 
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Fig.  4.  C'rvstiil  surfiiccs  at  ambient,  as  imaged  by  atomic  force 
microscopy,  with  the  marker  representing  I  ^m:  (a)  as-cleaved 
THM  ZnTe.  (b)  as-cleaved  PVT  ZnTe.  (cl  as-cleaved  PVT 
ZnTe  Cu  doped.  (dl  PVT  ZnTe  C'u  dt>ped.  as-cicaved  after 
the  annealing  treatment  at  niKPC.  (el  TMM  ZnTe  sample 
after  polishing  and  etching  in  Br-methanol  solution,  and  (f) 
PVT  ZnTe  sample  after  polishing  and  etching  in  Br-methanol 
solution. 

present.  The  indueed  stress  has  Hecn  relieved  by 
the  annealing  treatment  at  6(l(fC'.  and  Fig.  4d 
shows  that  the  step  shape  has  reeovered  its  origi¬ 
nal  shape  of  the  as-grown  crystal  presented  in 
Fig.  4b.  The  polished  and  etched  surfaces  of  the 
THM  and  PVT  crystals  were  also  imaged  and  are 
shown  in  Figs.  4e  and  4f,  respectively.  The  size 
and  the  density  of  the  residues,  as  well  as  the 
surface  roughness,  vary  significantly. 

The  surface  morphology  of  the  samples  quali¬ 
tatively  correlates  to  the  PL  spectra.  Table  I 


summarizes  the  full  width  at  half  maximum  ( F  = 
FWHM)  of  A'i"  and  the  intensity  ratio  /  =  A\ 
where  C  is  the  intensity  of  the  deep  level  broad 
band  of  region  C  (1.60-2.10  eV).  It  is  commonly 
accepted  that  lower  F  values  indicate  a  higher 
crystalline  quality,  while  lower  /  value  is  associ¬ 
ated  with  higher  defect  density  [10].  Considering 
the  crystal  growth  techniques,  and  comparing  the 
PVT  grown  to  the  THM  grown  crystals,  it  is  clear 
that  the  PVT  crystal  exhibits,  both  higher  crys¬ 
talline  perfection  and  lower  impurity  content. 
These  quantitative  results  are  well  correlated  to 
the  morphological  images  shown  in  Figs.  4a.  4b. 
4e  and  4f.  indicating  that  both  the  as-cleaved  and 
the  etched  surfaces  of  the  THM  grown  surfaces 
are  rougher  and  exhibit  higher  density  of  residues, 
as  compared  to  those  of  the  PVT  grown  crystal. 
Further,  the  intentional  doping  of  the  PVT  grown 
crystal  increased  the  F  value  and  decreased  the  / 
value,  indicating  the  deterioration  in  the  crys¬ 
talline  quality  and  the  increasing  content  of  vari¬ 
ous  types  of  impurities  and  defects.  The  effects  of 
these  post  growth  prtKesses  on  the  morphology 
the  cleaved  surfaees  are  demonstrated  in  Figs.  4c 
and  4d.  Considering  the  PL  data  together  with 
the  AFM  analysis,  we  may  conclude  that  the 
doping  process  not  only  produced  the  diffusion  of 
Cu,  but  also  introduced  high  density  of  defects, 
which  are  clearly  visible  in  Fig.  4c,  where  the 
structure  of  cleavage  steps  has  been  modified  and 
a  region  of  highly  concentrated  inclusions  (clus- 
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Summary  of  the  h  anJ  / 
spectra 

values  as  calculated 

from  the  PF 

Type  of  sample,  treatment 

FWHM 

(me\'t 

/ 

PVT.  polished  and  etched 

1 

PVT,  cleaved 

:(KMt 

PVT.  aged 

4..^ 

TSIK) 

PVT.  annealed 

H 

.tun 

THM.  polished  and  etched 

H 

5 

THM.  aged 

MO 

THM.  annealed 

1.1(1 

PVT.  (  u  doped,  etched 

,H 

0.: 

PVT.  Cu  doped,  aged 

4 

hWt 

PVT.  (  u  doped,  annealed 

0 

SI  Ml 
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ters)  was  produced.  After  annealing,  the  stress 
has  been  relieved,  and  the  shape  of  the  cleavage 
steps  was  restored  to  that  of  the  as-cleaved  crys¬ 
tal.  To  some  extent,  the  surface  preparation 
methods  were  found  to  affect  the  PL  spectra;  the 
cleaved  surface  exhibited  slightly  broader  emis¬ 
sion  peaks,  as  well  as  slightly  lower  I  value  as 
compared  to  the  polished  etched  surfaces.  In 
spite  of  the  fact  that  the  cleaved  surface  is 
smoother  than  the  etched  one,  it  appears  that  the 
cleaving  process  introduces  surface  defects  which 
have  not  been  observed  by  AFM,  but  contribute 
to  a  deterioration  of  the  PL  spectrum.  Appar¬ 
ently,  the  etching  process  clears  away  some  of  the 
surface  defects  which  are  introduced  during  the 
mechanical  polishing  procedure,  providing  the 
band  sharpening  of  the  PL  spectrum. 

In  conclusion,  PVT  ZnTe  crystals  have  been 
confirmed,  by  low  temperature  photolumines¬ 
cence  and  atomic  force  microscopy,  to  have  a 
better  purity  and  quality  than  THM  ZnTe  crys¬ 
tals.  The  as-grown  crystals  contain  different  levels 
of  Cu  impurity  and  the  THM  ZnTe  crystals  also 
contain  isoelectronic  oxygen  substituting  for  Tc 
atoms.  After  doping  Cu  into  the  PVT  ZnTe  crys¬ 
tals  by  diffusion,  new  interstitial  Cu  acceptor 
centers  and  more  vacancies  of  Tc  arc  formed. 
Additionally,  the  process  of  annealing  at  60()°C 
causes  the  vanishing  of  the  Zn-O  center  in  THM 


ZnTe  crystals  and  reduces  the  vacancies  of  PVT 
ZnTe. 
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Abstract 

The  quadratic  Stark  effect  on  the  A,,.  A,  and  I ,  cxciton  lines  was  observed  at  1.8  K  in  the  absorption  spectra  for 
MIS  structures  with  CdS.  Impact  ionization  of  free  and  bound  cxcitons  by  free  carriers  in  an  electric  field  in  CdS 
crystals  with  ohmic  contact  were  investigated  in  the  spectrum  of  luminescence.  A  theoretical  analysis  of  the  results 
has  made  it  possible  to  identify  the  mechanisms  of  relaxation  of  high-energy  electrons  predominating  in  CdS  at  low 
temperatures. 


1.  Introduction 

This  paper  discusses  electrical  field  effects  on 
free  and  bound  cxcitons  observed  in  absorption 
and  luminescence  spectra  in  the  cxciton  region. 

The  absence  of  published  data  on  the  Stark 
effect  in  the  ground  .state  of  A„  ,  cxcitons  is  in 
all  likelihood  due  to  the  fact  that  field  intensities 
(up  to  lO'^  V/cm)  required  are  difficult  to  obtain 
in  structures  with  ohmic  contacts  because  of  ther¬ 
mal  breakdown  of  crystals.  Our  experiment  was 
carried  out  employing  a  metal-  insulator-semi¬ 
conductor  (MIS)  structure  (Au-AI,0,-CdS-ln) 
subjected  to  a  reverse  bias.  The  current  then  is 
limited  by  the  insulator  layer.  In  case  of  the 
ground  state  of  the  Is  type,  which  includes  A„  ,, 
we  can  expect  only  a  weak  quadratic  Stark  effect 
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manifested  by  a  small  long-wavelength  line  shift 
( Je  <  0.1  /?.  where  R  is  the  binding  energy  of  an 
cxciton). 

The  impact  ionization  of  free  cxcitons  and 
delocalization  of  cxcitons  bound  to  impurities  for 
cadmium  sulfide  was  also  investigated.  The  inves¬ 
tigation  was  carried  out  by  optical  methods  in¬ 
volving  observation  of  quenching  of  the  cxciton 
photoluminescence  spectra  in  an  electric  field 
and  a  theoretical  analysis  of  the  experimental 
results  obtained  in  this  way. 

Structures  for  the  Stark  effect  investigations 
were  fabricated  from  single  crystals  grown  by  the 
F-rcrichs  method  [I].  The  thickness  of  the  crystals 
was  l()-.^()  jxTi-  In-CdS-Al ,0,-Au  structures 
were  formed  by  evaporation  technique. 

For  investigation  of  the  luminescence  line 
quenching,  the  ohmic  contacts  were  used.  The 
contacts  were  in  the  form  of  longitudinal  In  strips 
with  a  gap  of  1  mm. 
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2.  Experimental  results 

The  A„.|  exciton  absorption  line  was  investi¬ 
gated  by  employing  mainly  the  £  II  c  polarization, 
forbidden  for  this  line,  so  that  even  a  small  unbal¬ 
ance  angle  was  sufficient  to  record  the  Al  and 
Af  absorption  lines  clearly.  This  enabled  us  to 
consider  the  field-induced  shift  of  these  lines 
without  invoking  polariton  effects. 

The  absorption  spectra  were  recorded  simulta¬ 
neously  with  the  current-voltage  and  capaci¬ 
tance-voltage  characteristics.  This  permitted  esti¬ 
mation  of  the  thickness  of  the  space  charge  layer, 
which  at  the  working  temperature  (7"  =4.2  K) 
was  comparable  with  or  greater  then  the  thick¬ 
ness  of  the  crystal.  Hence,  we  concluded  that  the 
voltage  drop,  across  the  semiconductor  subjected 
to  a  negative  bias,  was  distributed  uniformly  over 
the  whole  single  crystal. 

Fig.  I  depicts  the  experimental  absorption 
spectra  of  a  crystal.  No.  2714.  at  zero  and  maxi- 
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F  ig.  1.  l-xpcrinicnt.il  ;»hsorptit)n  spectra  <>!  an  Au-AI  sO^'CilS 
structure  (No,  2714)  and  their  components  obtained  as  a 
result  t>l  decomposition:  (1)  background  due  to  the  B  exciton 
line  (hr  --  2..Sf)Sfi  eV);  (2)  A,  absorption  tine  ihv  =  2.5554 
eV);  (.M  A,  absorption  line  ihi'  =  eV),  T  =  4.2  K  and 

A'Hf.  Reverse  voltage  (/,(('):  (a)  (1;  (b)  2.M).  The  origin  of  the 
ordinates  the  curves  in  (b)  is  shifted  upwards  in  fai  for 
clarity  ikJ  optical  density). 
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Fig.  Pri'l'ilc  ol  the  A,  (/le  “  2..S54,S  e\  I.  .A,  (/ir  =  ’..'524 
eV).  ;intl  1 1  (/if  =  2  54W  eV)  ahsorptiim  lines  nl'  sirueture  No. 
2|y.s  on  increase  in  the  resersc  bias  voltage  t'.tl  ):  (1)0;  (2) 
55’.  (.t)  bS;  (4)  7.S;  t.s)  00,  /' =  4.2  K,  l^npolanzed  light.  The 
origin  of  the  ordinates  of  curves  2-.S  is  shifted  upwards  in  kil 
for  clarity. 


mum  iU  =  2.70  V)  external  bias  voltages,  as  well 
as  their  individual  components. 

The  effect  of  an  electric  field  on  the  e.xciirrn 
complex  I,  (/ii'  =  2-S49‘l  cV,  A  =  4801.7  A),  al¬ 
lowed  only  in  the  £  J_  c  polarization,  was  studied 
by  recording  the  absorption  of  unpolarized  light. 
This  exciton  complex  gave  rise  to  the  strongest 
ab.sorption  exhibited  by  our  crystals.  Fig.  2  shows 
the  absorption  spectra  of  unpolarized  light  ob¬ 
tained  for  a  crystal.  No.  219,S,  using  different 
values  of  the  applied  voltage  ranging  from  zero  to 
-  90  V.  This  series  of  spectra  also  illustrates  the 
rates  of  the  A,  .  A,  and  I,  lines  decreasing  in 
amplitude  under  an  external  electric  field.  (Fig. 
.“ia  shows  it  more  distinctly.) 
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Fig.  3.  Exciton  luminescence  spectiu  of  C'dS  samples  recorded 
at  l.S  K:  (a)  T-1  and  T-3  samples  in  zero  eleciric  field,  and  (h) 
T-3  samples  in  differeni  electric  fields  I-  (V/cm):  (I)  (t:  (2) 
.^IKI;  (.3)  25(1:  (4)  4.s(l;  t.s)  6,4(1:  (()!  Sdll. 


With  respect  to  exciton  luminescence  spectra, 
the  "pure"  CdS  crystals  available  to  us  could  be 
divided  into  three  types:  (I)  T-1  crystals  exhibit¬ 
ing  a  strong  bound-e.xciton  line  and  weak  free-cx- 
citon  line  A,,.,;  (2)  T-2  crystals  with  a  group  of 
strong  bond-exciton  lines  I,  and  K  and  a  moder¬ 
ately  strong  free-cxciton  line  A„  (.3)  T-.f  crys¬ 
tals  with  a  strong  line  and  1,  line  of  a 

comparable  intensity.  Fig.  ^  shows  the  .spectra  of 
these  types  and  the  dependence  of  T-2  spectrum 
on  the  electric  field  applied  to  an  In-CdS  struc¬ 
ture.  It  is  clear  from  this  figure  that  the  order  in 
which  the  lines  are  quenched  is  determined  by 
the  binding  energies  of  the  excitons  I',  (A  =  486.6 
nm),  1 ,  (A  =  487.2  nm)  and  A„  ,  (A  =  48.5..^  nm). 
The  last  to  be  quenched  was  the  line,  the 

binding  energy  of  free  excitons  being  the  highest 
(28  meV)  among  the  observed  luminescence  lines. 
In  sufficiently  large  fields  (800  V/cm)  all  the 
luminescence  lines  were  largely  quenched. 

Our  measurements  of  the  Stark  effect  (absorp¬ 
tion  spectrum)  and  of  the  impact  ionization  ef¬ 
fects  (luminescence  spectrum)  were  carried  out 


under  DC  conditions.  As  such,  one  of  the  great¬ 
est  problems  to  avoid  was  thermal  effects.  Our 
estimation  of  the  Joule  heat  indicated  that  the 
critical  power  leading  to  an  increase  of  tempera¬ 
ture  as  a  result  of  unbalance  between  the  sample 
and  liquid  helium  [2]  was  not  reached. 


3.  Discussion 

3.1.  The  Stark  effect 

The  Stark  shift  of  the  energ>'  position  of  the 
ground  state  of  an  exciton  in  the  case  of  simple- 
bands  considered  in  the  hydrogen-like  approxi¬ 
mation  is  described  by  the  expression 

J6(£')  ('(£■)  =96-R/i<.  (1) 

where  <1>  =  E/E*.  E*  =  R/ae  is  the  ionization 
field,  e  is  the  electron  charge,  a  is  the  e.xciton 
radius,  R  is  the  effective  Rydberg  constant,  and 
E  is  the  external  electric  field. 

The  experimentally  observed  dependence  was 
steeper  than  quadratic.  We  can  assume  that  such 
a  steep  rise  of  -If.  on  increase  in  the  potential 
difference,  is  due  to  a  change  in  the  distribution 
of  the  external  electric  field  between  the  insuhi- 
tor  and  semiconductor  layer  as  the  voltage  is 
increased. 

We  determined  experimentally  the  voltage- 
drop  across  the  semiconductor  and  found  the 
effective  voltage.  of  the  bulk  of  material 
using  the  same  CdS  single  crystal  for  both  an  MIS 
structure  (No.  274\s),  and  a  metal-.-^emiconduCor 
structure  (inset  in  Fig.  4).  We  corrected  the  re¬ 
sults  Ft  the  voltage  drop  across  the  insulator. 
The  results  shown  in  Fig.  4  depict  dependence  of 
the  shift  of  the  exciton  absorption  bands  on  the 
effective  field  (this  figure  includes  the  theoretical 
dependence,  represented  by  the  solid  line).  One- 
can  see  that  the  experimental  dependence  is  close 
to  the  theoretical  predictions.  The  clearest  result 
was  obtained  for  the  A,  absorption  line,  which  is 
the  strongest  in  the  spectrum. 

Analysis  of  shifts  of  the  A,  and  I,  absorption 
lines  in  the  same  crystal  on  the  applied  voltage 
(Fig.  2)  indicates  that  the  log  dependences. 
AeiU).  are  equivalent,  and  consequently  the  Stark 
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shift  coefficient  of  the  free-  and  bound-exciton 
lines  is  also  equivalent; 

=  ')e\r/HR.  (2) 

We  can  therefore  conclude  that  the  effective 
radius  of  an  exciton  bound  to  an  ionized  donor  is 
equal  to  the  radius  of  a  free  exciton  under  the 
conditions  of  interaction  with  an  external  electric 
field. 

Fig.  5  demonstrates  the  difference  between  (a) 
electric  field  effects  and  (b)  effect  of  impact  ion¬ 
ization.  In  the  case  of  electric  field  effects,  the 
decreasing  amplitude  of  the  exciton  lines  is  due 
to  the  exciton  ionization  and  is  determined  by  the 
bound  energy  of  the  exciton.  The  amplitude  re¬ 
duction  for  free  A„_|  and  bound  I,  excitons  is 
the  same.  In  the  case  of  impact  ionization,  the 
decay  of  the  free  exciton  is  uctermined  by  the 
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Fis.  4  Shifts  of  ths-  cxiiliin  absorption  lines  with  the  effective 
voltage  applied  to  sample  No.  27V.S.  The  continuous  straight 
line  represents  theoretical  data.  The  insert  shows  the  cur¬ 
rent-voltage  characteristics  of  MIS  (I)  and  metal-semicon¬ 
ductor  (2)  structures  made  of  a  (  dS  single  crystal  (No.  27').S). 
as  well  as  the  calculated  current  voltage  characteristics  of  the 
insulator  layer  (.4).  The  eharacteristics  were  obtained  under 
the  same  conditions  as  in  recording  the  absorption  spectra. 
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Fig.  5.  Diffcrcnl  mechanisms  the  cxcilonic  line  inlensiiy 
reduction:  (a)  field  ionization:  (b)  impact  ionization. 


exciton  bound  energy,  whereas  the  decay  of  the 
bound  exciton  is  determined  by  the  binding  en¬ 
ergy  of  exciton  to  the  centre,  which  is  much 
smaller.  The  quenching  of  I  ,  is  quicker  than  that 

A„  .. ,. 

In  summary,  the  use  of  an  MIS  structure  en¬ 
abled  us  to  record  for  the  first  time  the  Stark 
shift  of  the  absorption  lines  of  the  free  A„  ,  and 
bound  I  ,  excitons.  Determination  of  the  effective 
voltage  acting  on  the  bulk  of  the  semiconductor 
made  it  possible  to  describe  satisfactorily  the 
results  obtained  by  the  quadratic  Stark  depen¬ 
dence. 
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3.2.  hnpaci  ionization 

Under  steady-state  eonditions,  the  simple 
equation  for  the  number  of  excitons  results  in  the 
following  dependenee  of  the  luminescence  inten¬ 
sity  /  on  the  applied  electric  field: 

l/la  =  (i  +  iV,./lV,)-\  (3) 

Here  /„  is  the  luminescence  intensity  in  the  ab¬ 
sence  of  an  electric  field,  the  probability  of 
ionization  of  a  free  exciton  (or  delocalization  of  a 
bound  exciton)  in  the  absence  of  an  electric  field 
and  IVf:  the  probability  of  impact  ioniza.ion  in 
the  presence  of  an  electric  field.  The  latter  is 
described  by  different  asymptotes: 

IT,  =  W',  exp(  -£,||/t'), 

=  exp(-£-T,/£  -),  (4) 

the  Townsend-Shockley  and  Davydov- Wolf  laws. 
Conditions  of  validity  of  the  Townsend-Shockley 
impact  ionization  law  in  semiconductors  have 
been  considered  by  Kagan  [3].  The  explicit  ex¬ 
pressions  of  parameters  Em  and  E',,,  arc  in  terms 
of  kinetic  characteristics  of  crystals.  These  asymp¬ 
totic  dependences  (4)  work  only  provided  the 
probability  of  impact  ionization  is  small,  i.e.  the 
modulus  of  the  exponent  is  large. 

To  compare  the  experimental  data  with  the 
dependences  of  Eqs.  (4),  we  have  plotted,  in  Fig. 
6.  ln[//(/||  -  /)]  versus  E  '  (curve  a)  and  versus 
E  ■  (curve  b)  for  luminescence  line  T,.  In  fields 
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Fig.  h.  DepenJence  of  the  intensity  of  the  hounif-exciton 
luminescence  (e,  =  4  meV)  on  the  electric  field  applied  to  a 
sample  of  the  T-2  type.  The  experimental  points  are  plotted 
as  dependences  of  Ini //(/ -  /i,)!  on  ll  '  (aland  /;  -  (h). 


less  than  or  of  the  order  of  450  V/cm.  curve  (a) 
becomes  linear,  i.e.  obeys  the  Townsend-Shock- 
Icy  law,  while  in  sufficiently  strong  fields  (fi5() 
V/cm).  curve  (b)  becomes  linear,  indicating  that 
the  Davydov- Wolf  asymptote  is  applicable.  The 
slopes  of  the  asymptotes  yield  the  constants  /im 
and  E„s  ILsted  in  Table  I  for  different  types  of 
samples  and  different  luminescence  lines  (the 
values  given  in  parentheses  in  this  table  are  the 
fields  in  which  the  relevant  dependence  was  ob¬ 
served).  It  is  clear  from  Table  I  that  the  lines  for 
higher  binding  energies  correspond  to  larger  val¬ 
ues  of  the  constants  E',,,  and  E'„;.  An  analysis  of 
these  experimental  results,  on  the  basis  of  the 
theory  presented  in  ref.  [2],  gives  valuable  infor¬ 
mation  on  the  mean  free  paths  of  high-energy 
electrons. 


ruble  I 

Purameters  /:,,,  and  /:,,j  and  ranges  ot  validity  tif  the  corresponding  dependences  (in  parentheses)  listed  in  units  ot  volts  per 
centimeter  lor  three  types  tit  samples  and  three  different  photoluniinescence  lines  (the  binding  energv  is  given  in  parentheses) 


Type  of 
sample 

u  (4  meV) 

l.(7mcV) 

t\„  ,(2HmeV) 

/■'III 

/■•o: 

/-III 

l.„2 

/-HI 

T-l 

lOlHI 

lo.so 

I4(KI 

.4(HH) 

- 

- 

(4(MI-7()()) 

(S(KI- 14(H)) 

(4(»0  ^1) 

(lObO-llOO) 

- 

r-: 

1S(K) 

1400 

I2IHI 

.TS(K) 

5tKH)  ' 

15(H) " 

(l7.S-.S(Mb 

(500  S(K)) 

(.4(MI  lINHI) 

(KHH)-  I7(X)) 

(77.4-0.4(1) 

(775  -^.>0) 

1  .4 

‘fO 

44(1 

1.40 

IKO 

ISO 

7.40 

(.sii  ’.SO) 

(.t(K)  h.SO) 

(50  250) 

(.4(H)  6,S(I) 

(IIK)-:(HI) 

(.4(H)- 4(HI) 

'  In  the  case  of  1-2  crystals,  the  intensity  of  the  A„  ,  line  was  insufficient  to  distinguish  reliably  between  I.  ‘  and  /.  • 
depc.idences. 


\f  A.  Juk(>h\tm  t‘i  lii  ,  Jounutl  <>/  (  rwial  (irnwih  /  i  2^^  2^<f 


I'hc  mean  tree  path  ol  4  meV  electrons  in 
moderate  fields  is  It)  em  in  the  '"pure"  samples 
and  5  x  III  "  em  in  the  remaining  samples  [4], 

I'o  the  best  of  our  knowledge,  to  date,  there 
have  been  no  attempts  to  analyse  the  experimen¬ 
tally  observed  intluenee  of  an  electric  field  vtn  the 
exciton  lumineseence  spectra  using  a  theory  lead¬ 
ing  to  a  dependence  of  a  Townsend -Shockley 
type.  We  have  demonstrated  the  value  of  such  an 
approach.  In  essence,  it  permits  quenching  by  the 
electric  field  of  the  low  temperature  exciton  liimi- 


nesceitce  in  cadmium  sulfide  as  a  tool  for  measur¬ 
ing  the  mean  free  paths  of  high-energy  electrons. 

4.  References 

|l|  It.  l-rLTiclis.  N.ilurvo>,scns(.h.illen  ''S4 

|21  Z^xariNknvit.  I’Icl-.  Opt.  S\(M*slv.i  Pnlupnndn  (iPPh) 
41 

l-'l  V  .D.  Kagan,  /h.  t'k>pcr.  reiir.  t  i/.  44  ll'JSM  ;.ss. 

[4)  M..\.  Jakobson.  V.I),  Kagan.  K.  Katilui'.  .mil  ti  t).  Miilicr. 
Plus.  Si.niis  soiiili  th)  Kii  (innin  rns 


.  CRYSTAL. 
CROWTH 


F.I.SEVIER 


Journiii  i)i Crvstal  (irtiwth  13X  ( 14^4)  231-23.' 


Measurement  of  optical  nonlinear  susceptibility  of  CdS  single 
crystal  using  a  single  beam  * 
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Abstract 

Wc  report  a  measurement  of  optical  nonlinear  susceptibility  of  t'liS  using  the  Z-sean  melhiul.  The  input  laser 
light  irradiating  on  the  CdS  single  crystal  had  a  wavelength  of  514.5  nm  and  a  flux  density  of  16  kW/  cut.  Wc 
estimate  a  nonlinear  susceptibility  of  ;t'''  =  .5,5  x  1(1  "  (esu)  being  in  agreement  with  an  anharmonic  oscillator  model 
based  on  excitons.  We  also  found  that  when  a  DC  electric  field  was  added  on  the  sample  of  CdS.  the  nonlinear 
absorption  increased  as  the  applied  DC  electric  field  was  increased. 


1.  Introduction 

Wc  have  reported  [1]  that  nonlinearity  tK'curs 
in  CdS  when  the  irradiated  power  by  514.5  nm 
laser  beam  is  more  than  15.2  kW/cm‘.  We  found 
that  there  were  slow  and  fast  processes  of  nonlin¬ 
ear  absorption.  The  slow  process  is  due  to  ther¬ 
mal  effect  and  the  fast  process  originates  from 
the  exciton-electron  scattering.  Here  we  report  a 
measurement  of  optical  nonlinear  susceptibility 
of  CdS  using  a  single  Ciaussian  laser  beam  of 
514.5  nm. 


(  orrc>>pnmling  nuthor. 

Work  NUpporicd  by  !1k*  Nalioniil  Science  boundiilion  t'f 
China. 

'  Present  address;  Department  of  Physics.  Tianjin  Normal 
I 'niversity.  Tianjin  .^1X1074.  People's  Republic  of  China. 

“  Present  address:  Changchun  Institute  of  Physics.  Chinese 
Academy  of  Sciences.  Changchun  131M12I,  People’s  Republic 
of  (  hina. 


Recently,  the  technique  of  the  Z-scan  method 
has  become  an  attractive  method  for  estimating 
both  the  magnitude  and  the  sign  of  the  third-order 
nonlinear  susceptibility  because  of  its  simplicity 
as  well  as  its  high  sensitivity,  especially  for  the 
inleji.se  nonlinear  ahsorpiive  samples.  The  theo¬ 
ries  have  been  discussed  extensively  in  the  litera¬ 
ture  12-5].  Using  the  Z-scan  method  with  the 
same  input  light  wavelength  and  power,  we  have 
measured  the  optical  nonlinear  refractive  index 
of  a  CdS  single  crystal. 


2.  Experiments 

The  experiments  in  CdS  were  performed  with 
a  frequency  of  A'*  laser  with  photon  energy  just 
below  the  exeiton  transition  energy  in  CdS,  The 
experimental  setup  is  shown  in  Fig.  I. 

The  output  pulses  from  a  mode-locked  A]' 
laser  were  hK’u.sed  with  a  spot  diameter  of  25  yum 
on  a  21)0  ^m  thick  CdS  sample.  The  temporal 
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Fig.  1.  experimental  setup  of  Z-scan  for  measuring  the  non¬ 
linear  retractive  index.  S,  sample:  L,  and  L^.  ftK'using  lenses: 
D,  and  D_>.  detectors:  S„.  pinhole:  M.  Z-scan:  I),  r-y 
recorder. 

width  of  the  laser  pulses  was  100  ps  (FWHM),  the 
repetition  rate  was  82  X  10'’  Hz  and  the  wave 
vector  was  perpendicular  to  the  optic  axis  of  the 
crystal.  An  undoped  CdS  single  crystal  was  used. 

Using  the  Gaussian  laser  beam  in  a  tight  focus 
geometry,  we  measured  the  transmittanee  of  CdS 
through  a  finite  aperture  in  the  far  field  as  a 
function  of  the  sample  position  r  relative  to  the 
focal  plane.  The  experimental  results  are  shown 
in  Fig.  2  with  an  aperture  diameter  of  3  mm  and 
in  Fig.  3  with  an  aperture  diameter  of  0.45  mm. 
The  results  with  the  normalized  transmittance  in 
Fig.  3  being  divided  by  the  normalized  transmit¬ 
tance  in  Fig.  2  is  shown  in  Fig.  4.  From  Fig.  4.  we 
obtain  that  the  difference  between  the  normal¬ 
ized  transmittance  peak  and  valley  J7p  ^  is  0.176. 


Fig.  2.  Transmittance  measured  as  a  functiini  i>l  the  pf»sitJon 
relative  ti>  the  focal  point  in  the  CdS  single  crvsial  sample, 
with  a  0.4.S  mm  pinhole. 


The  formula  [4]  we  used  is 


Re(  C")  =  - - - •  i  1 ) 

12:7X0.406(1 -.V)" 


where  is  the  instantaneous  input  power  (on  the 
sample).  v=  I  -  exp(  -  2r;/w  f )  is  the  aperture 
linear  transmittance  with  denoting  the  beam  ra¬ 
dius  at  the  aperture  in  the  linear  regime.  =  ( 1 
-c  (with  L  the  sample  thickness  and  a 

the  linear  absorptirrn  coefficient)  and  k  =  27r/A. 
In  our  experiments,  r,  =  0.23  mm.  u.,  =  0.33  mm. 
a  =  25  cm ' A  =  5.145  X  10  '  cm.  and  the  single 
pulse  power  was  1  /uJ.  So  we  had  a  third-order 
susceptibility  of  =  3.5  X  10  esu. 

Generally,  when  the  llux  density  is  low.  the 
third-order  susceptibility  in  CdS  is  about  10 
esu. 


Fig.  2.  I  ransmittance  measured  as  a  function  of  the  p<isiiion 
relative  to  the  focal  point  in  the  (  dS  single  crystal  sample, 
with  a  2  mm  pinhole. 


Fig.  4.  A  curve  obtained  from  the  curve  in  Fig.  2  being  divided 
by  the  curve  m  Fig.  2.  The  difference  in  transmittance  be¬ 
tween  the  peak  and  valley  is  11. 17p. 
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We  have  reported  [1]  that  excitons  played  an 
important  role  in  optical  nonlinear  absorption  in 
CdS  single  crystal  when  the  input  light  wcve- 
length  was  514.5  nm  and  the  flux  density  was 
higher  than  15.2  kW/cm’.  Its  mechanism  is  elec- 
tron-e.xciton  scattering  and  the  cxciton  lifetime  is 
about  100  ps.  The  exciton  is  composed  of  a  elec¬ 
tron  and  a  hole.  Its  radius  is  about  10  cm  in 
CdS  and  its  behavior  is  similar  to  a  harmonic 
oscillator.  Its  contribution  to  the  third-order  sus¬ 
ceptibility  is  from  its  anharmonicity. 

If  we  assume  that  the  nonlinearity  is  due  to 
generation  of  an  exciton  that  can  be  treated  as  an 
anharmonic  oscillator;  the  third-order  susceptibil¬ 
ity  is  given  by  [6] 


-  w)  il 

where  m*  is  the  reduced  effective  mass  of  the 
electron-hole  pair.  /V,,  the  number  of  excitons 
per  cm',  ca,,  the  resonance  frequency  of  the  an¬ 
harmonic  oscillator,  and  ii  the  exciton  radius. 

Inserting  =  .4.74 x  10'^  ,s  w*=li.5w^.. 
il  =  10  ''  cm.  and  /V||  =  4.1  x  10"’  cm  '  in  Hq. 
(2).  we  obtained  a  theoretical  value  of  y'  ’’  =  1 1  x 
10  "  esu.  which  was  iif  the  same  order  of  magni¬ 
tude  as  the  experimental  value  v''’  =  .4.5  x  |()  '' 
esu. 


The  rise  time  of  a  thermal  lens  in  a  solid  is 
determined  by  the  acoustie  transit  time  across  the 
light  beam.  t=  »'„/i\.  w'herc  i\  is  the  velocity  of 
sound  in  the  solid.  For  CdS.  with  i\  =  0.,4  x  10'’ 
cm/s  and  w,,  =  25  Atm-  we  obtained  a  rise  time  of 
T  =  8. 17  ns,  which  was  almo.st  two  orders  of  mag¬ 
nitude  longer  than  the  input  laser  pulsewidth. 
Therefore,  we  can  neglect  the  thermal  effect. 

We  also  observed  an  optical  nonlinear  absorp¬ 
tion  in  CdS  under  an  external  DC  electric  field  at 
room  temperature.  The  nonlinear  ab.sorption  in¬ 
creased  with  the  increase  of  the  applied  voltage, 
while  the  incident  light  intensity  needed  for  the 
appearance  of  nonlinear  absorption  decreased 
with  the  increase  of  the  applied  voltage. 
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Abstract 

A  newly  obsened  effect  is  presented;  intrinsic  bistability  in  luminescence.  In  particular,  the  bistable  properties  in 
relleetion  of  thin  (10  /am)  C'dS:Cu  films  were  investigated  with  the  .^U..^  nm  Ar  laser  line  at  SO  K.  The  rcllected 
beam  exhibits  only  poorly  contrasted  (7'7 )  bistable  loops.  However,  if  we  put  cut-off  filters  which  are  transparent  in 
the  red  region  of  the  spectrum  (e.g.  RG  7<S())  in  the  rcnectcd  beam,  very  well  contrasted  (  >  70'; )  bistable  loops  were 
observed.  Hence,  the  bistable  switch  of  the  infra-red  luminescent  light  was  observed.  Bistability  in  luminescence  was 
also  achieved  in  hybrid  modes,  i.c..  the  film  was  illuminated  with  a  constant  power  and  a  variable  voltage  was  applied 
to  the  sample.  At  a  certain  threshold  of  the  voltage  the  luminescence  intensity  of  the  sample  exhibits  bistability. 
Finally,  some  applications  of  bistabilities  in  luminescence  are  discussed. 


1.  Introduction 

Information  carried  by  light,  i.c..  photonic  data 
processing,  will  extend  vtr  even  replace  common 
electronics  in  part  because  of  the  rapidly  growing 
importance  of  lightwave  systems.  T  he  ne.xt  cen¬ 
tury  is  expected  to  become  an  Optopia  where 
extensive  developments  in  phottmics  will  be  at¬ 
tained  [1],  In  the  last  decade  [2.31  strong  research 
efforts  htive  started  including  semiconductors  as 
well  as  orgtmics  in  various  forms  (bulk,  thin  films, 
microcrystallites  and  multiple-quantum  wells),  in 
order  to  find  best  suited  materials  and  concepts 
for  all-optical  bistability  (all-OB),  i.c..  optical 
bistability  without  external  feedbacks.  Laser  in- 


*  (  orrcvpiiiuting  Miithor, 


duced  optical  devices  (LIODs)  [4.3]  which  consist 
of  polyciystalline  thin  (<  ID  jum)  CdS  films  on 
Pyrex "  exhibit  well  contrasted  all-OB  in  trans¬ 
mission  [(v-lOj  and  relleetion  [il].  Th .  driving 
physical  principle  of  a  I.IOD  is  known  as  all-OB 
due  to  increasing  absorption  by  photo-irradiation 
[12-17].  It  is  worthwhile  to  stress  at  this  point 
that  the  relleetion  properties  r)f  thin  (  dS  films 
show  peculiar  properties.  Firstly,  the  bistable 
switch  of  transmission  and  rellectii'n  occurs  - 
against  the  prediction  of  the  conventional  rate 
equation  [IS]  of  thermo-optieal  effects  -  non- 
coincidently  if  the  temperature  dependence  of 
the  reflection  exhibits  larger  dynamics  than  that 
of  the  transmission  in  the  temperature  range 
where  the  thermo-optical  bistability  occurs  [11]. 
Secondly,  at  a  suitable  temperature,  a  non-bista¬ 
ble  increase  of  the  retlected  signal  takes  place 
during  the  bistable  switch-down  of  the  transmis- 
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sion  if  the  reflection  depends  in  a  much  less 
pronounced  way  on  temperature  than  the  trans¬ 
mission  [Ih],  Beyond  that,  an  all-optical  photonic 
reflection  oscillator  has  been  primarily  realized 
with  thin  CdS  films  [2(1],  In  general,  the  reflection 
of  thin  CdS  films  exhibits  highly  unexpected  and 
surprising  properties  and  already  linear  features 
cannot  be  described  with  standard  theories  in 
contrast  to  the  transmission  [19]. 

Hoffmann  et  al.  have  reported  bistability  in 
lumine.scence  of  CdS;Cu  crystals  [21].  However, 
the  origin  of  the  bistability  was  the  formation  of  a 
thin  He  gas  film  on  the  surface  of  the  cry'stal.  In 
other  word:;,  the  bistability  in  luminescence  was 
not  induced  by  an  intrinsic  feature  of  the  crystal, 
whereas  the  observed  phenomenon  reported  in 
the  present  paper  underlies  intrinsic  properties  of 
thin  CdS:Cu  films.  Hence,  according  to  our 
knowledge,  we  present  in  the  present  publication 
the  first  obsenatiiin  of  both  intrinsic  all-optical 
and  hybrid  bistabilities  (HB)  in  luminescence. 


2.  .Sample  preparation  and  experiment 

The  samples  were  prepared  by  reactive  spray 
deposition  on  ;i  Pyrex "  substrate  [<S.22]  with 
1(1  M  Cu.'  in  the  solvent.  The  optical  excitation 
of  the  thin  (10  pim'  was  performed  by  the 
.S14..S  nm  line  of  an  argon  laser  with  a  spot 
diameter  of  .400 — 100  /am.  In  order  to  measure 
reflection,  the  sample  was  mounted  obliquely 
(.40  -4.5  with  respect  to  the  incident  beam)  in  a 
tunable  (S0-,4S()  K)  cold-finger  nitrogen  cryostat 
keeping  the  sample  in  vacuum  ( I  X  10  mbar). 
The  modulation  of  the  intensity  of  the  incident 
laser  beam  was  performed  by  two  polarizers,  a 
fixed  and  a  rotating  one.  The  intensities  of  the 
incident  beam,  reflection  and  luminescence  were 
measured  with  Si  photodiodes,  l-'or  further  details 
of  the  experimental  setup,  see  ref.  [10).  The  HB 
was  investigated  with  the  use  of  electrical  con¬ 
tacts  which  consisted  of  two  evaporated  In  stripes. 
().,5  mm  wide  and  .S  mm  long,  separated  by  a  I 
mm  gap. 

Pig.  1  shows  schematically  the  performed  ex¬ 
periments.  In  the  upper  part  (a)  the  standard 
experiment  of  reflection  is  shown.  Only  very  pvHtr 


Fig.  I.  Schemanc  sketches  the  experimental  arrangements 
The  upper  figure  (a)  shows  the  result  of  a  ct^mmon  retleelii'n 
measurement.  Only  a  poorly  contrasted  hislahle  loop  is  ob- 
ser\able.  The  lower  tigure  th)  shows  that  the  contrast  of  the 
loop  increases  considerably  if  one  puts  a  cut-off  fillet,  which  is 
transparent  in  the  red  part  of  the  spectrum  (e.g.  R(»  in 
the  reJlccted  beam.  is  the  power  of  the  incident  514.5  nni 
line.  S  the  sample  and  Re  the  measured  reflected  light  inten¬ 
sity. 

contrasted  n'"i)  bistable  loops  were  obsened. 
However,  if  cut-off  filters  which  are  transparent 
in  the  red  region  of  the  speetrum  (e.g.  Schott  RG 
71.5.  RG  780  and  RG  1000)  are  put  in  the  re¬ 
flected  beam  as  shown  in  Fig.  lb.  very  well  con¬ 
trasted  (  >  7(K;  )  bistable  loops  were  observed. 


3.  All-optical  and  hybrid  bi.stabilitie.s  in  lumine.s¬ 
cence  of  LIODs 

The  experimental  results  obtained  with  the 
configurations  of  Figs,  la  and  lb  arc  shown  in 
Figs.  2  and  .4.  respectively.  The  poorly  contrasted 
loop  in  reflection  (Fig.  2)  can  be  drastically  en¬ 
larged  by  simply  introducing  a  cut-off  filter  ( RG 
780)  in  the  reflected  beam  (F  ig.  .4).  The  poor  loop 
of  Fig.  2  is  reasonable,  since  the  reflection  de¬ 
pends  only  extremely  weakly  on  temperature,  as 
shown  in  F'ig.  4.  It  was  pointed  out  [19]  that  the 
contrast  of  the  bistable  refiectitm  lintp  (7'"i.  see 
f-'ig.  2)  is  in  agreement  with  the  decrease  in  the 
reflected  light  intensity  by  7'~f  between  270  and 
286  K  where  the  bistability  switches.  This  means 


H.  i’ilriih  I't  til.  /Journal  of  Crystal  (irowih  I.^S  <  2.^4- 2.^S 


23h 


Fig.  2.  Reflected  light  intensits  of  the  514.5  nm  line  as  a 
function  of  the  incident  power  at  Hfl  K.  The  observed  contrast 
of  the  bistable  loi^p  is  only  about  7'’7  since  the  reflected  light 
intensitv  depends  imly  weakly  on  temperature,  as  will  be 
shown  in  Fig.  4. 

that  the  loop  contrast  observed  in  Fig.  2  is  al¬ 
ready  the  maximum  which  can  be  expected  for 
the  thermo-optical  bistability  in  reflection.  Hence, 
the  results  shown  in  Fig.  ^  cannot  be  attributed  to 
common  reflection  properties  of  (he  sample  but 
correspond  to  bistability  in  luminescence  which  is 
measured  in  reflection  geometry.  Therefore,  we 
stay  in  the  present  paper  with  the  indication 
reflection  and  note  the  cut-off  filter  used.  We 
want  to  point  out  that  the  observation  of  bi.stabil- 
ity  in  luminescence  cannot  be  concluded  straight- 


- INCIDENT  POWER  (mW) - ^ 

I  ig.  .1.  Rcpctiliim  iif  the  mcil^urcmL•nI  ol  l  it:.  1.  pulling;  the 
cut-off  filter  R(i  7S(I  into  the  reflected  beam.  A  eonipletely 
different  behavior  with  a  considerably  larger  li*ip  contrast 
(bT'i )  is  measured. 


Fig.  4.  Dependence  of  the  rellected  light  intensits  on  temper¬ 
ature  of  a  thin  CdSCu  film.  The  decrease  I'SI  of  the 
reflected  light  intensitv  around  .VM)  K  is  in  agreement  with  the 
lixrp  contrast  of  Fig.  2.  The  measurement  is  performed  under 
the  same  conditions  as  the  experiment  of  Fig.  Z.  However,  low 
intensity  I  <  I.'  /uW  ,  cm' )  monochromatic  light  (.>  I4..s  nml  was 
used  in  order  to  measure  the  dependence  of  the  reflection  on 
the  ambient  temperature  without  an  additional  optical  warm¬ 
up. 

forwardly  from  common  interpretations  of 
thermo-optieaf  bistabilities  [4.12-17}.  since  the 
thermo-optieal  shift  of  Urbach’s  tail  tiround  2.4 
eV  does  not  necessarily  inlluenee  transitions 
around  l..b.‘'  eV  (  =  7iS()  nm)  in  such  drastic  ways 
as  shown  in  Fig.  .7.  It  is  worthwhile  tt)  stress  at 
this  point  that  clearly  contrasted  (?()'"r)  bistable 
reflection  loops  in  CdS  platelets  have  been  tib- 
served  [2.T].  However,  one  must  bear  in  .oind  that 
thin  films  are  not  heated  uniformly  by  the  inci¬ 
dent  laser  beam  as  platelets  due  to  the  substrate 
which  acts  as  an  effective  heat  sink  [24].  Further¬ 
more.  as  already  mentioned  above,  the  reflection 
properties  of  thin  films  exhibit  peculiar  features 
which  were  never  reported  for  platelets.  Hence,  a 
comparison  of  results  achieved  with  thin  films 
and  platelets  must  be  treated  carefully. 

Fig.  .S  shtfws  the  hybrid  bistability  in  lumines¬ 
cence.  The  bistable  switch  is  induced  by  the  ap¬ 
plied  voltage.  The  power  of  the  incident  laser 
beam  (optical  bias)  is  cifnstant  (1(K)  mW).  We 
want  to  point  out  that  the  observation  of  Fig. 
opens  possibilities  for  realizations  of  a  new  class 
of  hybrid  elements,  i.e..  bistable  lifthi  cmittint; 
(ici  ices.  The  output  of  ;m  electronic  logic  can  be 
Cffnverted  into  photonic  pulses.  Typical  values  for 
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hig.  5.  First  ohsc nation  of  intrinsic  hybrid  bistability  in  lumi¬ 
nescence  measured  in  reflection  geometry  using  the  cut-oil 
filler  RO  781).  The  experiment  was  performed  at  SI)  K  with  a 
constant  incident  power  of  !(H)  mW  of  514.5  nm  line.  The 
observed  contrast  of  the  bistable  loop  was  nearly  70'"^.  The 
inset  shows  the  position  of  the  optical  bias  l/|  )  with  respect 
to  the  bistability  Itnip  of  luminescence  in  the  specific  case. 


the  high  level  in  common  electronics  are  around 
V.  hut  14  V  are  necessary  for  the  bistable 
switch-down  in  big.  .‘i.  However,  the  real  criterion 
for  an  application  is  the  dynamic  range  of  the 
applied  voltage,  i.e..  the  difference  of  the  applied 
voltages  where  bistable  switches  down  and  up 
take  place.  14  and  V  respectively,  in  Fig. This 
means  that  a  logic  level  of  1 1  V  would  be  neces¬ 
sary  to  drive  the  device.  However,  the  width  of 
the  loop  can  be  reduced  considerably  by  reducing 
the  power  of  the  optical  bias.  If  the  optical  bias  is 
7U  mW,  the  bistable  switch-down  takes  place  at 
liS.O  V  and  the  switch-up  at  l.‘'..^  V.  Therefore, 
the  output  of  a  common  TTl.  logic  in  addition  to 
a  camstant  electrical  bias  of  14  V  is  highly  suffi¬ 
cient  to  drive  the  device. 


4.  Discussion  and  further  proposals  for  future 
applications 

The  discovered  new  effect  -  intrinsic  histahiliiy 
in  luinincscencc  -  inaugurates  new  possibilities  to 
devise  new  concepts  for  the  application  of  thin 
films  in  optical  material  characterizations.  The 
switch-down  contrasts  of  the  loops  depend 
strongly  on  the  filter  used:  OG  .SUO  1.4'';,  RG  6.411 


I.S"z,  RG  71.*!  49V,.  RG  780  6377  (see  Fig.  3)  and 
RG  1000  7?i9f.  Obviously,  the  most  contrasted 
loops  are  in  the  vicinity  of  the  gap  of  GaAs  (880 
nm  at  .300  K).  Hence,  besides  the  above-men¬ 
tioned  creation  of  a  bistable  light  emitting  device, 
it  is  conceivable  to  develop  a  new  method  to 
measure  optically  the  electronic  properties  (e.g. 
doping  concentrations)  of  GaAs  wafers  on  the 
basis  of  the  presented  results. 

Among  other  things,  the  switching  speed  of 
bistabilities  in  luminescence  is  currently  under 
investigation  in  order  to  understand  the  mecha¬ 
nism  which  underlies  the  discovered  effect.  It  is 
the  question  whether  the  effect  is  only  thermally 
induced  or  whether  also  some  electronic  contri¬ 
butions  take  place,  since  the  luminescence  fea¬ 
tures  depend  strongly  on  the  lifetime  of  the  ex¬ 
cited  carriers.  The  optical  transitions  which  un¬ 
derlie  the  luminescent  process  arise  from  deep 
impurities  and  disturbed  stoichiometry.  In  fact, 
spray-deposited  thin  CdS  films  exhibit  a  strong 
luminescence  in  the  red  (  >  6(M)  nm)  region  of  the 
spectrum  [2.3].  We  have  observed  that  doping 
with  copper  increases  the  sensitivity  of  the  lumi- 
ne.scence  to  temperature.  The  luminescence  in¬ 
tensity  in  the  range  600- 1000  nm  deceases  more 
strongly  in  thin  CdStC'u  films  than  in  undoped 
C'dS  films  if  the  sample  is  hetited  from  80  to  .3,30 
K.  Therefore,  bistable  lixrp  contrasts  in  lumines¬ 
cence  observed  in  ('dS:Cu  films  are  larger  (70'';  ) 
than  in  undoped  (’dS  films  (.30'“;).  A  detailed 
comparison  of  the  bistable  features  of  CdS  and 
CdS:Cu  thin  films  will  be  published  in  a  forth¬ 
coming  paper  which  includes  also  enctuiraging 
results  concerning  the  above-discussed  method  to 
investigate  optically  the  electrical  properties  of 
(iaAs  wafers.  Fpitaxial  CdS  layers  produced  by 
closed-space  vapor  transport  (CSVT)  [8]  probable 
do  not  exhibit  bistability  in  luminescence  because 
of  the  well-established  stoichiometry.  However, 
studies  of  bistability  in  luminescence  were  per¬ 
formed  up  to  now  only  with  spray-deposited  lay¬ 
ers.  since  CSVT  layers  created  already  serious 
problems  by  the  observation  of  all-OB  in  trans¬ 
mission  [6-8], 

In  conclusion,  the  results  presented  open  new 
horizons  for  both  basic  research  and  new  applica¬ 
tions  in  photonics  and  measuring  techniques. 
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confirming  the  importance  of  further  research  on 
nonlinear  and  bistable  properties,  respectively  of 
thin  semiconducting  films. 
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Abstract 

Wc  have  examined  Bridgman-grown  /incblendc  t'dSe.Te,  ,  (  v  <  ()..^h)  by  Raman  seatiering.  Fourier  iranslorm 
infrared  re/tcc(iwtv.  phoutlumincsccncc  anti  iheoreiiea)  analy.si.s.  The  Raman  data  showed  exiilenee  of  siirtaee 
structural  improvement  by  long-term  roont  temperature  iinnealing.  The  eivmbined  Rantiin  and  infrared  dat;i 
confirmed  the  interpretation  that  a  third  infrared  mode  besides  the  ('dTe-  and  CdSe-like  transverse  optical  phonon 
modes,  arose  from  non-random  atomic  clustering.  Room  temperature  phivtolumineseenee  spectra  were  obtained  ainl 
compared  with  pseutlopolemial  calculations. 


I.  Introduction 

C'tidniium  telluride.  cadntiuni  sclenidc  and 
their  pseudobinary  compounds  are  very  suitable 
for  various  optoelectronic  devices,  such  as  photo- 
conductors.  photovoltaic  detectors,  photocTectro- 
chemical  and  solar  energy  cells,  and  as  substrates 
for  growth  of  quantum  wells  tiitd  epitaxial  layers 
of  HgCdl'e.  Mg/n  Te  ;md  HgMn'Fe  (refs.  11.2) 
and  references  therein).  The  II-VI-VI  ternary’ 
semiconductor  CdSe/re,  ,  possesses  the  /inc- 
blende  structure  for  .v  <  ()..^(i.  Its  energy  bandgap 
/'.j,  decreases  as  .v  incretises  in  this  range.  Beyond 
A  0.4.  it  exhibits  the  hexagonal  structure  with  its 
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energy  bandgtip  increasing  until  it  reaches  the 
value  for  pure  CdSc  1.4).  Several  studies  of  ;ib- 
sorption  [4]  and  retlecttmce  [.4. .4]  reveal  that 
versus  Se  composition  .t  displays  a  large  bowing 
effect,  with  the  minimum  value  of  occurring 
for  .V  between  ()..4b  and  0..4.  fherc  is  considerable 
variation  tnmtng  data  from  different  authors.  Na- 
hory  et  al.  |bl  have  recently  given  expressions  for 
the  band  gaps  of  the  quttternary  ZnCdSe  I'e  ;md 
its  boundary  ternary  alloys,  including  CdSe ,  fci  , . 
as  functions  of  composition  at  4  and  .400  K.  Fhese 
results  motivate  further  study  of  the  h;md  gap. 

barlier  investigations  of  infrared  (IR)  rc- 
llectance  [7.X]  ;md  Raman  scattering  [0]  from 
('dSe.'I'e,  ,  have  shown  the  typictil  twAv-mode 
behavior  of  the  long  wavelength  optical  phonons. 
However,  Pcrkowitz.  et  al.  [10]  recently  reported  a 
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third  mode  which  was  attributed  to  substantial 
non-random  clustering  of  the  anions  around  the 
cations. 

In  this  paper,  we  present  a  combined  Raman, 
infrared,  photoluminescencc  (PL)  and  theoretical 
study  of  five  zincblende  CdSe.Te,.,  crystals  with 
.V  =  0  (i.e.  pure  CdTc),  0,05.  0.15.  0.25  and  0.35. 
I'hc  Raman  data  show  a  possibility  of  surface 
structural  improvement  by  long  term  room  tem¬ 
perature  annealing,  and  show  that  the  previously 
observed  third  mode  seen  in  infrared  spectra  is  a 
bulk  effect.  Using  a  new  type  of  optical  spectrom¬ 
eter,  we  have  successfully  obtained  room  temper¬ 
ature  photoluminescence  spectra  of  these  alloys, 
w  hich  were  not  detectable  previously  using  an  old 
type  of  scanning  spectrometer.  These  data  are 
compared  to  empirical  and  to  first  principles 
pscudopotential  calculations. 


2.  Experiment 

The  samples  were  prepared  by  the  Bridgman 
technique  at  Massachu.setts  Institute  of  Technol¬ 
ogy.  C'dSc/Fe,.,  alloys  were  prepared  by  react¬ 
ing  the  pure  elemental  constituents  at 

II50°C  in  evacuated,  sealed  quartz  tubes. 
These  were  regrown  by  directional  solidification 
at  rates  of  O.S-1  mm/h  in  a  Bridgman-Stock- 
barger-type  furnace.  'The  resultant  boules  were 
cut  into  slices.  1-2  mm  thick,  and  perpendicular 
to  the  growth  axis.  These  were  annealed  at  650°C 
in  a  Sc  atmosphere,  to  improve  the  cry.stalline 
perfection.  Consequently  they  were  lapped,  pol¬ 
ished.  and  etched  in  a  bromine-methanol  solu¬ 
tion.  The  alloy  compositions  were  set  by  the  ratio 
of  constituents  before  growth,  and  confirmed  by 
X-ray  diffraction  and  transmission  measurements 
after  preparation.  These  samples  were  Ibund  to 
be  single-crystal  with  the  zincblende  structure. 

Raman  scattering  and  Fourier  transform  in¬ 
frared  (F'TIR)  reflectivity  measurements  were 
made  using  facilities  at  Emory  University  de¬ 
scribed  elsewhere  [II].  The  room  temperature 
(RT)  PL  measurements  were  performed  in  Singa¬ 
pore  using  a  new  Renishaw  model  2(KH)  Raman 
and  PI,  spectrometer  with  a  single  grating,  notch 
filter,  microprohe  capability  and  C'C’D  detection. 


3.  Results  and  discussion 

.?.  /.  Raman  scattering 

Fig.  1  displays  the  Raman  spectra  of  the  four 
CdSe,Te|  _,  crystals,  measured  at  SO  K  and  ex¬ 
cited  by  the  501.7  nm  line  from  an  Ar'  laser. 
CdTe-like  and  CdSe-like  transverse  optical  (TO) 
and  longitudinal  optical  (LO)  phonons,  labeled  as 
TO|,  TO,.  LO|  and  LO^.  respectively,  are  seen 
between  140  and  200  cm  '.  Their  frequencies 
versus  .v  are  shown  in  Fig.  2.  which  also  shows 
the  results  for  pure  CdTe  and  pure  CdSe  as  given 
in  the  literature  [12].  The  solid  lines  in  the  figure 
are  guides  to  the  eye.  LO-  increases  and  LO, 
decreases  in  wavenumber  markedly,  while  TO- 
decreases  and  TO,  increa,ses  only  slightly,  as  .v 
increases  from  0  to  0.35. 

The  features  between  300  and  400  cm  '  in 
Fig.  1  are  due  to  second  order  LO  phonons,  i.e. 
combinations  of  LO,  and  LO-.  2LO|.  LO|  ■+•  LO- 
and  2LO-.  The  strength  and  sharpness  of  high 
order  phonons  in  semiconductors  are  generally 
sensitive  to  the  degree  of  the  crystalline  perfec¬ 
tion.  As  X  increases,  the  intensities  of  the  second 
order  LO  peaks  relative  to  the  first  order  peaks 
decrease,  indicating  the  increased  disorder.  The 
broad  feature  near  250  cm  '  is  perhaps  due  to 
defect.s.  whose  origin  is  unknown. 
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fig.  2.  Raman  peak  position  at  80  K  versus  v  for  C'dSc,Te, 


Fig.  3  exhibits  the  Raman  speetra  of  these  four 
samples,  excited  at  488.0  nm  and  taken  over  a 
year  ago,  but  with  all  other  experimental  condi¬ 
tions  similar  to  those  used  for  Fig.  1.  This  com¬ 
parison,  and  comparisons  between  old  and  new 
data  all  obtained  at  488.0  nm.  show  that  the  new 
Raman  spectra  are  substantially  improved  over 
the  earlier  data,  with  better  separation  among  the 
first  order  lines  and  clearer  second  order  lines. 
This  improvement  after  a  year's  time  .suggests 
that  long  term  room-temperature  annealing  may 
have  some  effects  on  the  crystalline  quality  of  the 
samples,  especially  near  the  surface. 
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Fig.  .t.  Raman  spectra  of  Hriiigman-grown  hulk  C'dSc.Te,  , 
at  SO  K.  exciled  by  4SS.0  nm.  with  values  of  ,i  being  (a)  O.O.S. 
(b)  O.I.s.  (c)  0.25.  and  (d)  0.55.  These  spectra  were  measured 
more  than  year  earlier  than  those  in  Fig.  I. 


The  earlier  Raman  study  of  CdSc^Tc,  ,  [0] 
was  excited  at  1.06  /rm  hy  YAG :  Nd  laser,  and 
was  carried  out  at  room  temperature  only.  Our 
new  .study  at  80  K  and  vi.siblc  wavelengths  (.301.7 
and  488.0  nm)  reduces  the  laser  penetration  into 
the  sample  to  less  than  a  few  hundred  angstroms, 
to  probe  the  near  surface  region,  and  can  have 
sensitivity  to  surface  segregation  due  to  room- 
temperature  annealing. 

The  observed  variation  of  Raman  spectra  over 
a  long  period  cannot  be  caused  by  the  surface 
oxidation.  The  oxides  arc  generally  transparent  to 
the  visible  la.ser  beam.  The  naturally  oxidized 
surface  layer  is  extremely  thin  and  it  is  not  possi¬ 
ble  to  cau.se  important  effects  on  the  Raman 
spectra  of  CdScTe  alloy.  In  fact,  we  also  did  not 
find  any  features  from  Raman  and  FTIR  spectra, 
which  could  be  related  to  the  surface  oxides. 
Even  if  the  surface  oxidation  occurred  and  the 
oxide  layer  would  become  thicker  after  a  lirng 
period,  its  effects,  if  any.  would  make  the  Raman 
.spectrum  from  the  crystal  beneath  worse  than 
before,  which  is  opposite  to  the  observed  results. 
Further  investigation  on  the  surface  variations  of 
CdSe,Tc,  ,  by  surface  science  analytical  tech¬ 
niques  may  shed  light  on  this  problem. 

3.2.  Fourier  trumfonn  iiifnired  reflectii  in 

Figs.  4  and  .‘i  display  the  FTIR  reflectivity 
spectra  of  the  four  CdSe,TC|  ,  samples  at  .300 
and  82  K.  respectively  [10].  Below  170  cm  the 
regular  reststrahlen  band  characteristic  of  the 
CdTc-like  TO  phonon  is  seen  in  all  the  samples 
at  .300  and  82  K.  Beyond  170  cm  there  is  a 
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Fig.  4.  FTIR  rcflcclivily  ol  bulk  C\ISt\Tc,  ,  ut  .^(>0  K.  wilh 
i  -  U.IKS,  O.I.s.  O.IS,  antf  0..VS. 
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rdSc-like  TO  band  which  grows  with  .v  and  splits 
into  two  bands.  The  splitting  is  more  apparent  in 
the  sharper  peaks  at  82  K,  but  cannot  be  clearly 
resolved  at  .^00  K.  There  is,  however,  no  evidence 
of  this  splitting  in  the  low  temperature  Raman 
d  ita  shown  in  Fig.  1.  This  indicates  that  the  third 
peak  comes  from  the  bulk,  not  from  the  .surface, 
because  infrared  excitation  penetrates  into  the 
sample  more  deeply  than  the  visible  excitation 
used  in  the  Raman  measurements.  A  bulk  origin 
for  the  third  peak  strengthens  the  earlier  inter- 
pretatit)!!  that  it  comes  from  non-random  cluster 
effects  [1(1], 

Room  temperature  photoluminescenee 

Fig.  6  shows  R'F  PL  spectra  of  CdSe.Tc, . 
including  pure  Cd  l'e.  using  the  Renishaw  model 
200(1  spectrometer.  The  excitation  was  Fle-Ne 
W.'?  nm  with  approximate  1  mW  at  the  sample 
over  a  spot  t)f  about  1  /xm  diameter.  In  earlier 
measurements,  using  a  standard  double  spec- 
trometer-photomultiplier-photon  counting  sys¬ 
tem.  or  a  triple  spectrometer- Si  array  optical 
multichannel  analyzer  detection  system,  we  ob¬ 
tained  PL  spectra  of  these  same  samples  below 
LsO  K.  but  could  not  obtain  RT  PL  spectra.  F'ig.  6 
shows  that  the  PL  band  shifts  down  in  energy  as 
.t  increases  from  0  to  O..L‘i,  indicating  a  decrease 
in  the  energy  band  gap.  We  also  made  absorption 
measurements  on  these  samples  (not  shown  here) 
and  the  same  result  was  obtained.  More  work  on 
PL  o  '  CdSe/re,  ,  and  their  variations  with  tem¬ 
perature  and  time  is  in  process  and  will  be  pub¬ 
lished  later. 


Fij;.  .s.  F'llR  rellcclivity  ol  tiiur  hulk  C  dSc/Fc,  ,  with  <  - 
IMI.S.  Il.i.s.  (I.IS,  Ulul  0..VS,  taken  ul  S’  K. 
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t-’ig.  h.  Room  temperature  photulumines.'enee  at  hulk 
CdSe.Tei  ,  with  i  IV  nil.S.  D.l.s.  ll,;.'.  and  II. .V’.  respee- 
lively. 

3.4.  Theoretical  calculation  of  E^,-.\  relation 

To  better  understand  its  optical  properties,  we 
performed  band  structure  calculations  for  the 
CdSe.Te,  ,  ternary  alloy  using  both  empirical, 
and  self-consistent,  pseudopotential  methods 
[1,1.14],  The  energy  gap  obtained  from  the  empiri¬ 
cal  pseudopotential  method  is  shown  in  Fig.  7a  as 
a  function  of  .t  with  RT  PL  results  from  Fig.  b 
(filled  circles)  and  the  curve  given  by  Nahory  et 
al.  (dashed  line)  [  >].  The  virtual  crystal  approxi¬ 
mation  CVCA)  was  u.sed  in  our  empirical  pscu- 
dopotential  calculation.  For  the  pure  binary  com¬ 
pounds  C'd.Sc  and  CdTe.  we  used  the  form  factors 
given  by  Cohen  and  Bergstresser  [l.lj.  The  form 
factor  of  the  ternary  alloy  is  assumed  to  be  a 
quadratic  function  of  ,v,  with  a  bowing  factyvr 
which  is  about  lO'^V  of  the  average  of  the  hirm 
factors  of  CdTe  and  CdSc.  The  zincblendc  crystal 
structure  was  assumed  in  this  calculation,  with 
the  lattice  constant  varying  linearly  with  .r. 

The  first  principles  pseudopotential  calcula¬ 
tion  on  the  bowing  effect  of  the  energy  band  gap 
of  CdSe,Te|  ,  is  pre.sented  in  Fig.  7b.  The  rela¬ 
tivistic  norm-conserving  p.scudopoteniials  of  the 
ion  cores  were  constructed  using  a  method  due  to 
Bachelet  et  al.  [1.1].  The  valence  charge  density 
and  crystal  pseudopotential  were  calculated  self- 
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Fig.  7.  Finergy  gup  veri.u'.  v  ot  C  dSo,TC|  ,.  Fur  (u).  Ihc  solid 
line  shows  our  calculaled  results  hy  the  empirical  pseudopo- 
tenlial  method,  the  dashed  line  is  from  Nahory  et  al.  |6l.  and 
the  filled  circles  represent  our  experimental  results  from  Fig. 
h.  The  first  principles  calculation  for  the  howing  effect  is 
sketched  in  (hi. 


ainsistcntly  by  the  Itical  density  t'unetional  ap¬ 
proximation.  The  band  structure  was  evaluated 
from  this  self-consistent  potential.  The  VCA.  and 
a  linear  dependence  of  lattice  constant  on  com¬ 
position.  were  assumed  as  in  the  semi-empirical 
calculation. 

It  is  well  known  that  the  absolute  value  of  the 
gap  is  underestimated  because  these  calculations 
neglect  certain  many  body  effects,  which  makes 
the  bandgap  values  in  Fig.  7b  quite  different  from 
those  in  Fig.  7a.  However,  the  overall  trend  agrees 
well  with  experiments.  The  two  types  of  theoreti¬ 
cal  calculations  also  compare  well  with  each  other, 
showing  a  similar  bowed  shape  and  similar  posi¬ 
tions  for  the  minimum  in  More  details  of  the 
theoretical  analysis  and  comparison  with  other 
ll-Vl  ternary  compounds  will  be  given  in  a  fu¬ 
ture  publication. 


4.  (Conclusion 

A  multi-technique  study  using  Raman  scatter¬ 
ing.  I-TIR  rellectance.  photoluminescence,  and 
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pseudopotential  calculations  has  been  made  on 
Bridgman-grown  bulk  CdSe^Fe,  ,  with  zinc- 
blende  structure  (.v  <  l).3fi).  The  noteworthy 
changes  in  Raman  spectra  taken  more  than  a 
year  apart  suggest  that  long-term  room  tempera¬ 
ture  annealing  may  improve  sample  quality,  espe¬ 
cially  near  the  surface.  The  Raman  spectra  are 
also  consistent  with  an  earlier  interpretation  of 
infrared  data,  where  a  third  mode  is  ascribed  to 
non-random  clustering.  RT  PL  spectra  from 
CdSe^Te,  ,  alloys  are  obtained,  for  the  first  time, 
to  our  knowledge.  Theoretical  calculations,  based 
upon  empirical  and  first  principles  pseudopoten¬ 
tial  methods,  have  been  performed,  and  com¬ 
pared  well  the  experimental  results. 
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Abstract 

The  cncriiy  (c\cl  diagrani  ot  suhstitudonal  satiacJium  in  CdVc  (and  also  ('d|,,„,Zn,,,jTc)  has  been  in\cslik:alcd  hy 
using  a  variety  of  optical  and  thermal  speetroseopy  techniques:  optical  absorption,  photoeonduetivity.  photolumines- 
eenee,  deep  level  optical  speetroseopy.  DLTS  and  thermally  stimulated  current  (PICTS).  This  study  has  led  to  set  the 
V-'/V''  level  at  ll.d.s  eV  below  the  conduction  band  with  an  optical  photoioni/iation  threshold  at  I.H.^  e\'. 
Two-wave  mixing  experiments  were  used  to  evaluate  the  photorefractive  properties.  Gain  coefficients  in  excess  ol  ID 
ent  '  have  been  measured  at  A  =  I..A2  /am  with  applying  a  40  H/  AC  eleetrie  field. 


I.  Introduction 

C'cl'Ic-  is  a  pnintising  scmiconclucfor  maicrjal 
for  application  of  photorcfr;ictivity  to  informatittn 
ttplical  processing.  I  he  large  eleetroptie  eoeffi- 
eient  leads  to  a  figure  of  merit  .^-4  times  higher 
than  in  the  III-V  semieonduetors  (iaAs  and  InP 
(1.2).  f  urthermore,  severtil  types  of  deep  centres 
exist,  iillowing  one  to  obtain  tt  photoresponse  in 
the  wavelength  ranges  of  interest  (.4.41. 

Vtinadium  doping  has  been  used  most  exten¬ 
sively  in  the  current  studies  of  the  photorefraetiv- 
ily  effeel  in  (  d  i  e.  Amplification  gain  in  two-wave 
mixing  experiments  has  been  observed  at  several 
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wavelengths  from  l.Ob  to  l..x2  /am  [1.2..^-7l.  How¬ 
ever.  there  has  been  no  detailed  investigation  c>f 
the  energy  level  structure  of  V  within  the  CdTe 
bandgap.  since  the  work  of  Slodowy  and  Bara- 
nowski  (iS). 

In  the  present  paper  we  report  on  a  speetrc'- 
seopie  study  of  vanadium  in  Cd  Te  using  a  combi¬ 
nation  of  several  experimental  techniques:  optical 
absorption,  photoeonduetivity.  photolumines- 
eenee.  thermally  and  optically  stimulated  eapaei- 
tanee  (DTPS.  DIOS)  and  thermally  stimulated 
current  (PICI'S).  All  these  results  will  allow  us  to 
propose  a  configuration  coordinate  diagram  for 
the  transitions  due  to  V  in  Cd  I'e.  In  addition,  we 
present  recent  wave-mixing  experiments  which 
demonstrate  the  possibilities  of  the  photorefrae- 
tive  effect  at  various  wavelengths. 
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2.  Crystal  growth 

Two  kinds  of  crystals  were  used.  Most  of  the 
samples  reported  on  here  were  cut  from  CdTe 
and  Cd||c,„Zn|||i4Te  crystals  grown  by  the  vertical 
Bridgman  method  with  vanadium  added  in  the 
melt  at  a  nominal  concentration  of  10'’’  atoms 
cm  The  vanadium  concentration  in  the  crys¬ 
tals.  deduced  from  calibrated  SIMS  measure¬ 
ments.  is  in  the  range  10"’- 10''^  atoms  cm  '.  A 
strong  segregation  of  vanadium  towards  the  tail 
of  the  ingots  is  observed,  which  indicates  a  distri¬ 
bution  coefficient  far  below  unity.  The  electrical 
resistivity  of  the  as-grown  crystals  is  1()‘'-1()"'  fi 
cm. 

Some  CdTe  crystals  were  grown  by  travelling 
heater  method  (THMI  using  Te  as  the  solvent. 
Vanadium  was  introdueed  in  the  Te  zone  (at  lO"' 
atoms  cm  ').  The  concentration  in  the  crystals 
measured  by  atomic  absorption  is  in  the  range 
III"’- 10'  atoms  cm  '.  The  electrical  resistivity  is 
around  10''  (1  cm. 

Some  Cdii.ii.ZniKijTe  samples  were  annealed 
at  70(rC  under  saturated  Cd  vapour  pressure  in 
order  to  convert  them  to  n-type  conductivity.  The 
measured  room  temperature  electron  concentra¬ 
tion  was  about  .s  x  10'''  cm  \  These  samples 
were  used  to  perform  space-charge  capacitance 
spectro.scopies  (Dl.TS.  DLOS). 


3.  Optical  spectroscopy  of  as-grown  crystals 

,An  oprical  ahsoqHinn  spectrum  at  6  K  of  a 
Bridgman  grown  C'd  I'e  :  V  sample  was  published 
earlier  [,^].  Three  intra-atomic  transition  bands  at 
0.47.  0.S2  and  1.2  eV  were  observed  correspond¬ 
ing  t('  transitions  from  the  configuration 
to  '  'A,(^IT  and  ^  respectively,  in 

the  ■  state.  I'he  hist  transition  is  partitilly 
structured  into  three  bands  (l.OX.  1.13  and  1.2,3 
eV).  We  have  never  observed  the  transition  al  0.0 
eV  reported  in  ref,  [8)  and  associated  by  these 
authors  to  the  state  Id' I!).  However,  in  most 
(■il,i,„,Zn,||,,re  :  V  crysttils  ;m  additional  transition 
consistently  appears  around  0.04  eV.  We  have  no 
ilefinite  exphmation  lor  this  b;md. 

I’Iuhih  (tiuluctu  ity  'ifXTlru  were  measured  on  a 


Fig.  1.  PhotfK'oiulucliviiy  spectra  ol  a  CdTciV’  cr>sial  al  twn 
tcmpcraiurcs. 


Bridgman  grown  CdTc:V  crystal  at  room  tem¬ 
perature  and  below  (-  150°C)  (Fig.  1).  The  low- 
temperature  spectrum  shows  a  steep  rise  from  a 
threshold  around  0.0  eV  and  a  maximum  near  1.1 
eV.  This  structure  seems  to  correspond  to  pho¬ 
toionization  transitions  of  the  V’ '  centres  via  the 
first  exited  state  ■'T|('‘P)  referred  to  above.  This 
structure  is  broadened  at  room  temperature  due 
to  increased  phonon  contribution.  Intrinsic  ab¬ 
sorption  leads  to  the  high  photoconductivity  peaks 
observed  at  higher  energy. 

Photoluminesccnce  spectra  were  recorded  on  a 
series  of  Bridgman-grown  and  THM-grown  V- 
doped  crystals.  Two  broad  bands  are  seen  at  low 
temperature,  with  emission  maximum  at  l),8  and 
l.l  eV.  They  are  not  detected  in  the  absence  of 
vanadium.  After  annealing  of  the  crystals  under 
Cd  vapour,  the  photoluminescence  intensity  is 
strongly  reduced. 


4.  Space-charge  spectroscopy  and  thermally  stim¬ 
ulated  current 

Space-charge  spectroscopy  was  carried  out  on 
Schottky  diodes  realized  by  gold  deposition  on 
n-type  vanadium  doped  Cd,|,„,Zn|,mre  samples. 

First  Dl.TS  spectra  were  recorded  which  re¬ 
veal  five  electron  traps  (Fig.  2).  The  tr;ip  parame- 
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rig.  2.  OLTS  specirum  <>1  an  n-typc  van;Kiiiim-iU>|>ed 


tcrs  arc  collected  in  ruble  1.  The  dominant  cen¬ 
tre  has  the  highest  activation  energv'  (0.d5  cv).  Its 
concentration  is  in  the  range  of  the  effective  trap 
density  deduced  from  the  photorcfractivity  effect. 
Hence  we  assign  this  deep  centre  to  substitu¬ 
tional  \anadium.  The  other  traps  have  concentra¬ 
tions  at  least  10  times  smaller.  They  cannot  be 
identified  for  the  moment. 

l)ci’i>  Icirl  optical  spectroscopy  (DLOS)  relies 
on  capacitance  transients  associated  with  optical 
excitation  (0.1(1].  This  technique  was  used  to  de¬ 
termine  the  photoionization  cross-section  of  cen¬ 
tre  I  for  transitions  to  the  conduction  band  (r,". 
bor  this  experiment  the  temperature  was  set  at 
.^12  K.  where  all  the  traps  except  centre  I  are 
ionized  under  reverse  bias  in  the  dark.  A  fit  to 
this  spectral  variations  tif  has  been  made 
using  a  theoretical  expression  given  by  Martinez 
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et  al.  [11]  which  accounts  for  transitions  between 
vibronic  levels. 

tT„  =  —  d.v  exp(  ".V-)- - - ; - ,7 

I’C  (  hi'  +  I  !,.V  +  /■-,,(  -  1 )  J 

is  the  optical  threshold  energy,  hr  is  the 
photon  energy.  is  the  broadening  parameter. 
li  -  dll' -  h,,)/ 1\,  and  a^  =  »i/m*.  ni  and  ni* 
being  the  free  electron  mass  and  the  conductiyyn 
band  mass,  l-rom  this  fit  the  following  values  are 
deduced;  l:„=  l.O.X  eV  and  =  (l.l  eV. 

Pholo-mduccil  ciorcni  transient  spectroscopy 
(PlCrS)  is  a  thermally  stimulated  current  tech¬ 
nique.  It  was  applied  to  as-grown  semi-insulating 
(\lTe  ;  V  samples  gryiwn  by  THM.  A  trap  with  an 
aciiyalion  energy  of  O.fr.s  eV  is  detected. 

5.  Configuration  coordinate  diagram  for  V  in 
CdTe 

i'he  above  spectrt'seopy  results  leads  to  the 
coordinate  configuration  diagram  shown  in  l  ig. 

It  is  essentially  built  from  the  optical  threshold 
energy  (l.O.X  cV)  determined  by  01,()S  and 
the  thermal  activation  energy  (d.d.s  eV)  ob¬ 
tained  from  DLT.S. 

This  diagram  allows  us  ty'  interpret  the  other 
spectroscopy  experin.ents.  The  low  temperature 
photoconductivity  response  gives  e\idence  of  a 
particular  resonance  betyveen  the  excited  ^T|(^P) 
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slate  at  l.OS  eV  and  the  conduction  band.  As  a 
matter  of  fact,  the  minimum  of  the  configuration 
curve  associated  with  this  exited  slate  is  nearly 
coincident  with  the  conduction  electron  configu¬ 
ration  curve  (Fig.  .'?).  This  induces  a  highly  effi¬ 
cient  electron  transfer  from  this  excited  state  to 
the  conduction  bands  and  explains  the  photocon¬ 
ductivity  peak  obseived  at  -  I5()°C  near  l.l  eV. 
Electron  transfer  from  the  higher  excited  states  is 
less  probable  at  low  temperature,  despite  the 
larger  absorption  coefficient. 

The  photoluminescence  hands  observed  in  the 
as-grown  crystals  seem  to  involve  a  configuration 
change  from  V'*  to  V’’.  The  lower  emission 
hand,  around  0.8  eV.  would  he  due  to  a  combina¬ 
tion  of  free  electron  radiative  capture  by  the 
empty  donrrr  states  (V’  )  and  transitions  from 
the  ‘A,  excited  state  to  the  ground  state 
(processes  1  and  1'  in  Fig.  3).  I'he  higher  emis¬ 
sion  band,  around  1.1  eV.  is  explainable  in  terms 
of  electron  capture  on  the  ■‘T|(7’)  excited  states 
and  transitions  to  the  ground  stale.  Optical  exci¬ 
tation  at  energy  higher  than  the  band  gap  makes 
possible  this  type  of  electron  capture.  In  the 
annealed  crystals,  all  the  V ' '  centres  are  con¬ 
verted  to  the  V-  ■  equilibrium  configuration.  Thus 
the  occurrence  of  the  above  transitions  is  less 
probable  because  they  first  require  the  capture  of 
holes.  This  agrees  with  the  observed  reduction  in 
photoluminescence  intensity. 

■At  last,  the  trap  energy  at  O.b.s  eV  deduced 
from  F’KTS  experiments  could  correspond  to 
hole  emission  from  the  V'  state  to  the  valence 
band  (process  2  in  Fig  3). 


6.  Photurefractivf  properties 

Bridgman-grown  vanadium-doped  C'il,,,„, 
/.n,,||,  re  crystals  have  been  used  for  photorefrac- 
tive  measurements  in  a  two-wave  mixing  configu¬ 
ration.  Fitting  the  dependence  of  gain  coefficient 
on  incident  intensity  /  at  wavelengths  of  1.32  anil 
1..S3.S  yum  (no  external  electric  field,  room  tem¬ 
perature)  to  the  theoretical  expression, 

/'  /;,/(iw,//). 

allows  one  to  determine  the  saturated  gain  coeffi- 


Table  2 

Photorefractivity  propcrlics  at  two  wavelengths  of  two  \ana- 
diuni-dt>ped  ('d,,.,„Zn,,,^Te  enslals 


C'rystal 

Wavc- 

Icnjith 

(Mil) 

/.I 

(  mW  /  isn- ) 

1], 

(cm  ' 

) 

( in'^  1 

DAV  ,t(l 

I..t2 

7.S 

l).:4 

DAV.^n 
DAV  .11 

D.AV  .M 

1.. s.ys 

1.. ^2 

1  .S.'.S 

Iss 

0.2h 

0.71 

n.hiS 

II.ST 

S.4 

1.'  ^ 

17.4 

cient  /’„  and  the  equivalent  dark  irradiance  Z,,. 
These  values  are  collected  in  Fable  2.  They  indi¬ 
cate  a  good  photosensitivity  of  the  material  at 


Electric  Field  (kV/cm) 

l  ig.  4.  rWM  gain  eoettieienl  \eisus  (a'  grating  penoki  in  tw(» 
vanadiiini  iloped  t  d,, Te  eiAslaK  aiu!  ih)  AC  eleetiu 
iiekl  aniplitiule. 
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these  two  wavelengths  of  interest  for  optical 
telecommunication.  The  variations  of  beam-cou¬ 
pling  gain  coefficient  at  1.32  /xm  as  a  function  of 
grating  period  are  shown  in  f-ig.  4a  for  two  differ¬ 
ent  crystals.  DAV  31  contains  about  twice  more 
vanadium  (about  1()‘^  cm  than  DAV  .30.  The 
theoretical  fit  to  these  curves,  using  a  single  level 
model,  gives  values  of  the  electron-hole  competi¬ 
tion  factor  6  and  of  the  effective  trap  density 
(Tabic  2).  Approximately  equal  values  are 
evaluated  at  1.32  and  l..‘'3.3  /xm.  which  suggests 
that  the  same  level  is  involved  in  lx)th  cases.  On 
the  other  hand,  other  experiments  have  shxxwn 
that  the  majority  of  the  photoexcited  carriers  at 
these  tw(^  wavelengths  are  holes.  The  higher  mag¬ 
nitude  of  at  1..32.'s  /xm  indicates  a  larger  contri¬ 
bution  of  holes  at  this  wavelength. 

By  application  of  an  AC  electric  field,  the  gain 
coefficient  ean  be  enhanced.  This  is  exemplified 
in  l  ig.  4b  for  a  40  field  frequency.  Gain 
coefficients  in  excess  of  10  cm  '  are  readily  mea¬ 
sured. 


7.  Conclusions 

Optical  and  thermal  spectroscopy  techniques 
ha\e  been  used  to  determine  the  energy  level 
diagram  of  the  vanadium  deep  donor  in  Cd  I'e  (tn 
(  il/.n'Ie).  rite  V ’  /V"  level  is  located  in  the 
lower  half  of  the  band  gap  at  0.05  eV  below  the 
conduction  band.  A  group  of  V  '  excited  states 
is  resonant  with  the  conduction  band  states  which 
affects  the  photoionization  and  the  photxxlumi- 
nescence  spectra,  fhe  optical  excitation  threshold 
to  the  conduction  band  is  set  at  1.03  eV.  which 
points  out  the  existence  of  a  relatively  small 
I  ranck-Condon  shift  (O.OS  eV).  Photosensitivity 
at  wavelengths  longer  than  1.3  /xna  is  mainly  due 
to  hole  transitions  between  the  V  ’ '  state  and  the 
\alence  banil,  in  accordance  with  the  photore- 
fractivity  experiments  which  show  a  majority  hole 
contribution  at  A  =  1.32  ^ni  and  1.535  /xni.  The 
effective  trap  density  of  about  S  x  10"  cm’  evalu¬ 


ated  in  crystal  DAV  .30  may  be  compared  to  the 
0.95  eV  deep  centre  concentration  of  (0.9- 1.5)  x 
10"  cm  '  measured  by  DI.T.S  on  a  similar  ervs- 
tal.  Compatibility  between  these  two  values  would 
imply  approximate  equality  between  the  filled 
and  empty  trap  concentrations.  Further  work  is 
necessary  to  give  a  better  determination  of  the 
trap  xKCupation  ratio.  More  generally,  the  transi¬ 
tions  with  the  valence  band  have  to  be  studied  in 
detail.  It  is  well  known  that  a  number  of  deep 
levels  exist  in  the  lower  half  of  the  band  gap.  in 
particular  those  associated  with  the  cadmium  va¬ 
cancy-donor  impurity  pairs.  This  raises  the  ques¬ 
tion  of  the  eventual  contribution  of  such  deep 
centres  to  the  observed  photosensitivity  at  long 
wavelengths.  Better  knowledge  of  the  transitions 
in  play  and  of  the  material  parameters  will  allovv 
one  to  fully  exploit  the  capability  of  the  CdTe;  V 
system. 
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Systematic  steps  towards  exactly  stoichiometric 
and  uncompensated  CdTe  Bridgman  crystals 
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Abstract 

A  modified  vortical  Bridgman  arrangement  with  C'd  extra  source  and  varitihle  C'dTe  melt  surface  temperature  is 
used  to  find  out  conditions  for  the  growth  of  near  stoichiometric  CdTe  ervstals.  (irowth  experiments  were  carried 
out  with  different  temperature  courses  according  U)  predictions  for  the  optimum  temperature  program  ohtained 
from  thermodynamic  calculations.  The  transition  point  from  p-  to  n-type  conductivity  foi  inclusion-free  crystals  was 
observed  at  a  CdTe  melt  surface  temperature  of  1 1  IS"C  ;md  a  Cd  source  temperature  of  S5ll  C.  The  incorporation  of 
shallow  acceptors  (Ag,  Cu)  as  a  function  of  the  deviation  from  stoichiometry  during  the  growth  was  antilysed  by 
photoluminescence,  mass  spectroscopy  and  atomic  absorption  spectrophotometry.  The  incorporation  coefficients  ol 
atoms  substituting  Cd  were  deduced  in  dependence  on  their  total  concent rtition  in  the  melt  and  the  Te  excess.  The 
maintenance  of  nearly  stoichiometric  growth  conditions  drastically  reduces  the  substitutional  impurity  Iraction. 
ticting  as  shallow  acceptors,  and  therefore  the  carrier  concentration. 


I.  Introduction 

There  are  increasing  efforts  tt)  produce  highly 
perfect  semi-insulating  CdTe  crystals  for  applica¬ 
tions  in  X-  and  y-ray  detectors,  electro-optical 
modulators  and  IR  devices.  Well  known  is  the 
method  of  compensative  doping  (by  chlorine  or 
indium,  for  e.xample)  leading  to  samples  with  high 
resistivities  [1.2].  However,  the  growth  of  crystals 
homogeneously  doped  along  the  whttle  as-grown 
ingot  is  complicated  by  segregation  effects,  for¬ 
mation  of  point  defect  complexes  and  dopant 
clustering  [,^.4].  Cirowth  of  undoped  nearly  sUti- 


(  nrrcsponiiifig  ;iiilh<»r. 


chiometric  CdT  e  Bridgman  crystals  with  free  car¬ 
rier  concentrations  below  1(1 cm  '  and  high 
electrical  resistivities  /)  up  to  1(1  -1(1''  SI  cm  at 
.^00  K  has  been  sporadically  successful  [.^-'^>1.  The 
highest  values  of  i>  in  undoped  C'd'Te  (.^  x  Id"  Si 
cm)  and  C'dii^Zn,,  ,'Te  (Id"  Si  cm)  were  reported 
by  Butler  et  al.  [Id],  In  essence,  these  authors 
attribute  their  results  to  the  maintenance  of  nearly 
stoichiometric  crystal  compttsition  and  cleanliness 
during  the  entire  growth  process.  Despite  such 
excellent  empirical  results,  systematic  theoretical 
and  practical  investigations  are  missing  in  the 
literature. 

In  the  present  work,  the  induence  of  a  well-de¬ 
fined  C'd  overpressure,  adjusted  by  a  separate  C'd 
source,  on  the  electrieal  properties  of  crystals 
grown  by  a  mttdified  vertical  Bridgman  technique 
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has  been  studied.  The  neeessary  temperature  *>t’ 
the  C'd  e.xtra  source  is  estimated  from  thermody¬ 
namic  calculations,  taking  into  account  the  tem¬ 
perature  decrease  of  the  free  melt  surface  during 
the  ampoule  movement.  The  experiments  show  a 
very  sensitive  dependence  of  the  type  and  con¬ 
centration  of  free  carriers  on  the  temperature¬ 
time  program  of  the  Cd  source. 

In  connection  with  this,  the  influence  of  resid¬ 
ual  impurities  is  quite  important.  With  increasing 
Cd  pressure,  a  considerable  reduction  of  the  con¬ 
tent  of  shallow  acceptors  in  substitutional  posi¬ 
tions  has  already  been  obtained  [11,12].  In  the 
present  paper,  the  coefficients  of  incorporation  of 
silver  and  copper  atoms  in  dependence  on  the 
concentration  of  the  excess  component  ( I'c)  will 
he  presented. 


2.  Thermodynamic  relationships 

2.1.  The  T-\  pha.'ie  projection 

The  uncertainties  of  the  solidus  and  liquidus 
line  shapes  in  the  T-y  phase  projection  near  the 
congruent  melting  point  /  ,„p  (1092°C)  turn  out 
to  be  one  I'f  the  difficulties  to  determine  the 
conditions  for  the  growth  of  an  e.xactly  stoichio¬ 
metric  CdTe  crystal  [  1 .1].  Assuming  the  fully  drawn 
liquidus  line  (Fig.  1)  to  be  valid,  an  Cd  excess  in 
the  melt  of  about  e>\\  =  I..''  x  1(1  ■*  (  =  .s  x  Id'' 
cm  ')  is  necessary  to  obtain  a  stoichiometric 
solid.  According  to  the  I’-y  phase  projection  [14] 
such  a  melt  composition  requires  a  Cd  equilib¬ 
rium  pressure  of  about  2.(1  atm  at  the  cxrrrcspond- 
ing  liquidus  point.  Despite  the  low  equilibrium 
segregation  coefficient  A-,V'  of  about  2  x  10  '. 
the  enrichment  of  Cd  excess  at  the  cTsstallization 
front  can  be  neglected  because  of  the  small  growth 
rates  (between  (t..‘'  and  I  mm  h  ' )  and  the  action 
of  buoyancy  driven  convection  [i.l]. 

2.2.  Culeulation  of  the  temperature  of  the  Ctl  e.xtra 
.source 

For  a  first  crude  approximation  in  the  follow¬ 
ing  calculations,  thermodynamic  equilibrium 
within  the  growth  ampoule  and  ideal  behaviour 


T  °C  stoich. 
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I  ig.  I.  The  /  v  phase  priijeetinn  ot  (  dTe  The  data  points 
arc  taken  from  various  authors  completely  relcned  to  in  rei 
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of  the  mi.xtures  are  assumed.  Suppirsing  the  valid¬ 
ity  of  Raoult's  law.  the  equilibrium  distribution  of 
Cd  between  melt  and  vtipour  is  given  by  the 
Rayleigh  equatityn  [!.'(]; 


or.  rearranged. 

''  l+(,r-l).v,  ■ 


(2) 


.y\  and  .i ,  are  the  mole  fractions  of  Cd  in  vapour 
and  melt,  respectively,  a  is  the  relative  volatility 
( and  /',*,  and  ;tre  the  pressures 
of  the  pure  elements  Cd  and  To.  respectively. 
I  he  partial  pressure  of  Cd  in  an  ideal  gas  mixture 
is  given  by 


Pi  j  ^^^tuu  '  v  - 


(3) 


where  is  the  total  pressure  over  the  Cd/Tc 

melt.  Substituting  F'q.  (2)  into  (3)  yields 


/A  a  =  '"rule 


rt.V, 


I  -I-  (  O'  -  I  )  -V  I 


(4) 
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After  Huitgren  ct  ai.  [16],  the  Cd  and  Tc,  pres¬ 
sures  as  a  function  of  temperature  are  given  by 

log /'^.j(atm)  =  -5317/7+5.119.  (5) 

log  /V,(atm)  =  -.5%()/7+  4.7191.  (6) 


Combining  Eq.  (4)  with  Eq.  (5)  leads  to 
.x317 

C,  = - 


5.119  -  log 


1/A',  +(«-!) 


fc 


■  (7) 


depends  on  the  temperature  7,,  at  the 
melt/vapour  boundary.  It  can  be  estimated  from 
the  Clausius-Clapeyron  equation  as 


7Varc  =  /’c'jV.  '-’xp 


j  J _ 1_  \ 

«  1  r,  T„,  I 


(8) 


where  /V\hv  the  total  pressure  at  the  melting 
point  7„,.  377y,  is  the  heat  of  evaporation  at  the 
melt  temperature  and  W  is  the  universal  gas 
constant. 

Due  to  the  shift  of  the  growth  ampoule  with 
respect  to  the  temperature  profile.  7],  changes 
and  the  required  synchronous  chartgc  is  cal¬ 
culated  from  Eq.  (8)  for  the  temperature  range  of 
IKK)  to  12(H)°C.  using  the  parameters  -IWyi  = 
19X.45  kJ  mol  '  117),  /Vj'tc  =  7.0  atm  114]  and 
.V,  =  0.50015.  and  the  vapour  pressures  from  Hqs. 
(5)  and  (6)  (curve  1  in  Fig.  3a). 


3.  Experimental  procedure 


800  900  1000 


t-ig.  2.  Vcnic;il  Briilgman  growth  .irraiigcniL'ni  tor  (  irU-.  il) 
plug.  (2)  outer  silica  container.  I.')  inner  silica  growth  am¬ 
poule.  (4)  (  die  melt.  t.S)  soliditied  traction  ol  CdTe.  IM 
capillary  with  therntoeouple.  C)  position  ol  Cd  source  .icsord- 
ing  to  curse  .9  in  I'ig.  .\i.  tS)  position  ot  Cd  source  .lecording  to 
curse  2  in  Fig.  .9a.  ('>)  thermocouple;  (<,.  temperature  graslieni 
at  the  interface;  lempertiture  at  the  Ctll'e  melt  surlace. 


Fig.  3a)  and  ^  S95'’C'  (pisint  3.  Fig.  2.  and 
curve  3.  F-'ig.  3a).  were  adjusted  by  varying  the 
distances  between  outer  and  inner  ampoule  bot¬ 
tom  (Fig.  2).  The  ctsoling  rates  /(d7/dr)  t>f  the 
C'd  source  and  the  melt  surface  were  almosi 
identical,  i.e.  the  trtices  7,  ^,  2-2'  and  7,  ^  3-3' 
respectively,  follow  '  /],  (Fig.  2). 


.7  /.  Crystal  ^nm  th 


3.2.  Assessment  of  the  crystals 


A  diagram  of  the  modified  vertical  Bridgman 
apparatus  and  its  axial  temperature  distributum 
is  shown  in  Fig.  2.  Simihir  growth  arrangements 
are  well  known  for  other  semictinductttr  com¬ 
pounds  like  ZnSe  [18]  and  the  lll-V  comptrunds 
[19].  The  starting  materials  Te  and  C'd  were  re¬ 
peatedly  purified  up  to  (iN  quality  by  prtK'edures 
described  in  ref.  [20].  A  constant  motion  of  the 
melting  point  isotherm  through  the  melt  was  es¬ 
tablished  by  a  furnace  travel  rate  of  /  =  0.6  mm 
h  '.  The  starling  temperatures  of  (he  Cd  extra 
source,  =  855°('  (point  2.  Fig.  2.  and  curve  2, 


The  free  carrier  concentration  and  electrical 
resistivity  of  the  as-grown  crystals  were  measured 
by  the  Van  der  Pauw  method  as  well  as  by  IR 
extinction  analysis  at  3(H)  K.  as  described  in  ref. 
[21].  The  energy  dependence  of  the  scattering 
coefficient  obtained  by  the  IR  transmission  spec¬ 
troscopy  was  used  to  determine  the  excess  Te 
content  in  the  as-grown  crystals  [21]. 

The  total  concentration  of  residual  impurities 
has  been  determined  by  spark  source  mass  spec- 
tmscopy  (SSMS).  atomic  ab.sorplion  spectropho¬ 
tometry  (AAS)  and  photoluminescence  (PL)  [3]. 
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total  pressure  PcdTe/'^^^ 
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Ki^.  3.  The  time  programs  o(  (  d  source  (a)  and  corresponding 
free  carrier  and  substitutional  impurity  disirihulions  (b)  as  a 
lunctiiin  ot  solidified  fraction.  ( I )  Calculated  curve  of  stoichio¬ 
metric  grt)wih  conditions  in  an  arrangement  shown  in  fig.  2: 
•  2..^)  measured  courses  at  diffeicnt  source  positions  with 
starting  temperatures  N55  (  (2)  and  ('  (3);  (2a.  3ii)  free 
carrier  Ci>ncenlralions  according  m  curves  2.  }  in  (a):  (2b.  .^b 
and  2c.  .V)  substitutional  Ag  and  (  u  conceniralurns  in  (  d 
pt»siiiuns.  acc<>rding  to  curves  2  and  }  in  (aK  respcclivclv. 

PI.  enabled  the  determination  of  substitutional 
impurity  eoncentrations  with  an  aeeuracy  of  about 
lO’’  em  '  [22].  Twelve  undoped  and  two  silver- 
doped  C  dTe  Bridgman  erystals  grown  with  differ¬ 
ent  deviations  from  stoiehiometry  have  been  in¬ 
volved  in  the  evaluation  program.  Additionally, 
erystals  grown  by  the  horizontal  Bridgman  tech¬ 
nique  have  been  investigated  for  comparison. 


4.  Re.sults  and  discussion 

Curve  1  in  Fig.  .fa  shows  the  calculated  tem¬ 
perature  of  the  Cd  extra  source,  that  is 


necessary  in  order  to  maintain  conditions  for 
constant  stoichiometric  solid  phase  crystallization 
in  the  vertical  Bridgman  arrangement,  shown  in 
Fig.  2,  as  a  function  of  the  solidified  part  of  the 
melt.  Of  course,  the  lower  the  melt  surface  tem¬ 
perature  T^,.  the  lower  is  the  necessary  value  of 

j.  Two  measured  temperature  courses  of  dif¬ 
ferently  positioned  Cd  sources  with  various  start¬ 
ing  values  of  Tj-j  =  855°C  (curve  2)  and  X95°C 
(curve  3)  are  added.  Whereas  curve  2  is  below 
curve  I  during  the  whole  crystallization  process 
(corresponding  to  the  growth  of  a  slightly  tel¬ 
lurium-rich  crystal),  curve  3  intersects  the  calcu¬ 
lated  curve  I  at  a  solidified  fraction  t;  =  O.b. 
Hence,  a  change  from  Cd-  to  Te-rich  composition 
could  occur  around  this  point. 

As  can  be  seen  from  Fig.  3b.  the  experimen¬ 
tally  determined  axial  free  carrier  distributions  in 
the  two  corresponding  as-grown  CdTe  crystals 
(curves  2a  and  3a)  show  quite  gtwd  conformity 
with  Fig.  3a.  While  the  ingot  2  shows  only  p-type 
conductivity,  curve  3a  suffers  a  change  from  p-  to 
n-type  just  at  g  =  0.6.  This  point  is  characterized 
by  =  8.S()°C.  =  I  nXT  and  =  2.77 

atm.  This  is.  somewhat  surprisingly,  due  to  the 
crude  approximations  for  the  calculations,  just  in 
accordance  with  the  calculated  changeover  point. 

Undoped  vertical  Bridgman  crystals  grown  at 
lower  constant  Ti,  =  1 1  l()°C  and  a  ettrresponding 
lower  invariable  j  =  84()°C'  show  the  same  re¬ 
sults.  Lowest  carrier  concentrations  and  electrical 
resistivities  obtained  were  about  10'’- 10''  cm  ' 
and  up  to  10'  il  cm.  respectively.  These  data  are 
constant  along  the  crystal  axis,  as  already  demon¬ 
strated  in  refs.  [3]  and  [23].  Moreover,  sueh  crys¬ 
tals  were  free  of  inclusions  with  diameters  >  1 
/am.  in  accitrdance  with  the  present  sample  3 
(Fig.  3a). 

In  crystals  grown  by  the  horizontal  boat  tech¬ 
nique  ( p  ~  10"  cm  />  --  10'’  n  cm),  lower  tran¬ 
sition  temperatures  of  7j  ^  =  8(K)°C'  at  /,,  = 

1 1(K)°C'  than  predicted  by  Eq.  (8)(  7',  ,,  ^  =  827°C) 

have  been  found.  This  is  in  giKtd  agreement  with 
results  of  Medvedev  et  al.  [.3]  (7],  =  1 1(KI°C.  7<,|  = 
8(M)°C.  p  =  lO"  SI  em)  and  Cheuvart  et  al.  [9] 
(7'h  =  I  l(K)°C,  7'(  j  =  8(K)°C.  p  =  10"  SI  cm).  Obvi¬ 
ously,  the  direct  contact  between  the  Cd  vapour 
and  the  as-grown  free  crystal  surface  closer  to  the 
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melting  point  leads  to  a  change  of  stoichiometry 
in  the  solid  phase,  despite  the  presence  of  a 
slightly  Tc-rich  melt. 

Curves  2b,  2e  and  .fb,  .^c  in  Fig.  3b  show  the 
substitutional  concentrations  of  silver  (b)  and 
copper  (c),  respectively,  on  Cd  site.s,  as  deter¬ 
mined  by  PL.  It  ean  be  seen  that  the  content  of 
both  dopants,  acting  as  shallow  acceptors,  de¬ 
creases  with  closer  approach  to  growth  conditions 
leading  to  exact  1 ;  1  stoichiometry.  This  is  in 
agreement  with  the  decrease  in  the  concentration 
of  Cd  vacancies  [Vj^J  [3,12].  The  low  free  carrier 
concentration  in  crystals  grown  under  nearly  stoi¬ 
chiometric  growth  conditions  shows  that  the  re¬ 
duced  supply  of  V(  j  will  favour  the  interstitial 
incorporation  of  Ag  and  Cu  atoms,  probably  act¬ 
ing  as  deep  donors  in  such  positions. 

Furthermore,  the  substitutional  incorporation 
coefficient  k'^-^  =  j/t],  of  Ag  and  Cu,  respec¬ 

tively,  has  been  determined  for  a  large  number  of 
crystals  grown  either  vertically  or  horizontally  by 
the  Bridgman  technique  at  various  Te  excess  con¬ 
centrations  (Figs.  4a  and  4b).  c[  j  is  the  concen¬ 
tration  of  a  substitutional  impurity  i  on  Cd  posi¬ 
tions;  c  ]  is  the  total  starting  concentration  of  i  in 
the  melt.  Whereas  the  total  content  of  impurities 
(dopants)  in  the  solid  phase  c[  is  determined  by 
segregation  coefficients  which  are  close  to  unity 
(Fig.  4a,  curves  I  and  2,  =  0.3  and 

Afj'’ =  cj =  0.2),  the  substitutional  concen¬ 
trations  Cj'.f  and  j  arc  much  lower.  They  de¬ 
pend  sensitively  on  the  tellurium  excess  (curves  3. 
4  and  .‘>-7.  Fig.  4.  for  Cu  and  Ag,  respectively). 

Without  C'd  extra  source,  at  a  common  resid¬ 
ual  impurity  level  of  <„  =  10'''  cm  '  [20]  and  a  Te 
excess  in  the  solid  phase  of  =  x  10'’  cm  * 
(5.v'^'  =  2  X  10  ‘'),  about  2  x  It)''*  cm  ’  Ag  atoms 
(curve  5)  and  about  2  x  10*'  cm  '  Cu  atoms 
(curve  3)  will  trccupy  the  Cd  sites  at  the  growth 
temperature.  In  the  case  of  nearly  stoichiometric 
composition,  only  2  x  10' '  cm  '  Ag  atoms  (curve 
7)  and  S  \  lO''*  cm  ’  Cu  atoms  (curve  5)  are 
contained  in  Cd  positions. 

Fig.  4b  shows  the  dependence  of  the  incorp*)- 
ration  coefficients  (curves  .*>-7)  and  Ajj 
(curves  3  and  4)  on  the  total  starting  concentra¬ 
tion  ( ,  and  the  Te  excess  content  in  ctrmparison 
to  the  segregation  coefficients  (curves  I  and  2) 


Fig  4.  The  incorporulion  concenlralions  (a)  and  the  ineorpo- 
ralion  ciiefficienls  (h)  of  Ag  and  C’u  In  CdTe  tr\.slals  grown  at 
various  Te  excesses  In  dependence  on  the  starting  concentra¬ 
tions  in  the  melt.  (I.  2)  total  concentration  in  the  solid  (a)  and 
segregation  coetlicients  (h)  of  Ag  (I)  and  C'u  t2).  substitu¬ 
tional  concentration  of  Cu  in  Cd  positions  at  Te  excess  of 
.Sx  It)'  cm  '  t.f)  and  stoichiometrx  (4).  substitutional  concen¬ 
tration  of  Ag  in  Cd  positions  at  Te  excess  of  .S  x  !()'  cm  '  t.s|. 
=  1(1"'  cm  '  (hi  tmd  stoichiometrx  (7). 


for  silver  and  copper,  respectively.  It  can  be  seen 
that  nearly  stoichiometric  solid  phase  crystalliza¬ 
tion  conditions  drastically  reduce  the  substitu¬ 
tional  incorporation  trf  Ag  and  C'u.  This  is  impor¬ 
tant  in  order  to  obtain  crystals  with  low  carrier 
concentrations  and  high  electrical  resistivities.  For 
most  other  substitutional  atoms  (Au.  Na  and  K 
on  Cd  sites,  and  P.  As  and  Sb  on  Te  sites),  a 
similar  behaviour  is  to  be  expected. 
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Iodine  doping  in  ZnSe  films  grown  by  vapor  phase  epitaxy 
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Abstract 

Properties  of  ZnSe  films  doped  with  iodine  impurities  were  investigated.  The  ZnSe  films  in  most  cases  were 
grown  at  350°C  by  using  metallic  zinc  and  selenium  as  the  source  materials;  their  vapors  were  transported  separately 
by  H;  gas  under  atmospheric  pressure.  CH  -J  (*^.4  ppm.  diluted  in  helium)  was  used  as  a  dopant  source.  Epitaxial 
growth  occurred  when  the  How  rate  of  CH,t  was  below  0.025  |umol/min.  The  electron  concentration  could  be 
controlled  in  the  range  5  x  l()"’-7  X  10'-  cm  '.  which  was  proportional  to  the  dopant  How  rate  between  0,0021  and 
0,016  /imol/min.  In  a  film  grown  at  .3(K)°C'.  the  eleetron  concentration  reached  4.4  x  It)"'  cm  A  high  quality  PI. 
property  was  observed  for  the  film  grown  with  the  minimum  flow  rate  of  C'H  ,1.  When  the  [Sc]  to  (Znj  How  rale  ratio 
was  varied  from  0.69  to  ,5.5.3  at  a  constant  CH  ,I  How  rate  of  0.0042  /umol/min.  the  deep-level  emission  almost 
disappeared  above  [Se]/[Zn]  =  2.2.  The  value  of  full  width  at  half  maximum  of  the  (600)  C'uKn  X-ray  diffraction 
peaks  showed  its  minimum  at  the  same  flow  rate  ratio.  Two-step  doping  of  iodine  was  also  attempted  to  obtain  the 
optically  and  electrically  desirable  ZnSe  film  as  a  blue-emission  layer.  SIMS  analysis  cimfirmed  that  the  ZnSe  film 
with  a  tw(i-stcp  iodine  concentration  was  indeed  grown. 


1.  Introduction 

Zinc  selcnidc  (ZnSc)  is  a  suitable  material  for 
efficient  blue-light  emitting  diodes  (LEDs)  and 
lasers.  We  have  investigated  the  epitaxial  growth 
of  Zn.Se  by  conventional  vapor  phase  epila.xy 
(VPE)  [1-.3].  and  succeeded  in  growing  p-type 
layers  with  hole  concentration  6  x  It)"'  cm  '  [2]. 
F'ollowing  this  result,  in  order  to  fabricate  blue 
LEDs  by  VPE,  the  conductivity  of  n-type  layers 
must  be  controlled. 

The  n-type  ZnSe  films  of  high  quality  have 
been  grown  by  doping  chlorine  in  molecular  beam 


Corresponding  author. 


epita.xy  (MBE)  [4]  or  iodine  in  metalorganic  vapor 
phase  epitaxy  (MOVPE)  [5.6].  As  for  VPE.  suffi¬ 
cient  control  t)f  the  n-type  conductivity  has  not 
been  achieved  yet  [7]. 

This  paper  describes  the  characteristics  of  io¬ 
dine  doping  in  VPE  ZnSe  films,  as  determined  by 
electrical  measurements,  photoluminesccnce 
(PL).  X-ray  diffraction,  and  secondary  ion  mass 
spectrometry  (SIMS)  analyses. 


2.  Experimental  procedure 

The  experimental  procedure  was  the  same  as 
in  previous  papers  [l-.3,7],  i.e.  ZnSe  films  were 
grown  by  atmospheric  pressure  VPE  using  metal¬ 
lic  zinc  and  selenium  as  source  materials.  Their 
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vapors  were  transported  separately  to  the  vicinity 
of  the  substrates  through  thin  quartz  tubes.  The 
carrier  gas  was  H,  of  7-nine  purity.  The  flow 
rates  of  Zn  and  Se  were  varied  from  1.6  to  5.6 
Mmol/min  and  from  2.7  to  1.^.3  /rmol/min,  re¬ 
spectively.  Highly  conductive  p-type  (UKDGaAs 
was  used  for  the  substrates  (4x4  mm).  The 
substrates  were  chemically  etched  with  H,SO_,: 
H,0,:H;,0  (5:1:1).  Thermal  cleaning  of  the 
substrates  was  carried  out  at  6()()°C  for  5  min  in 
an  H,  flow  before  film  growth,  in  most  eases  at 
35()°C.  Mcthyliodide  (CH  ,1)  diluted  to  9.4  ppm  in 
helium  was  used  as  a  dopant  source.  The  purity 
of  helium  gas  was  6  nines.  Hall  effect  measure¬ 
ments  by  the  Van  der  Pauw  method  were  carried 
out  to  determine  the  electrical  properties.  The 
films  were  1-3  /xm  in  thickness. 


3.  Results  and  discussion 


’^erroer.-i  t  f-  >  i‘ 
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Fig.  7.  Temperature  dependenee  itf  eleelrieal  ptiiperlies  in  an 
iodine-doped  ZnSe  film  grown  at  T,„|,  =  .t.sil  ('.  ,S4I)(  '. 

/'v  =  ('  and  FR|,„|,„^,  =  O.IH,''  /jmol/  min. 


Epitaxial  growth  occurred  when  the  flow  rate 
of  CH,I  (FR,„j|„^.)  was  below  0.025  mol /min. 
Fig.  I  shows  the  electron  concentration  as  a  func¬ 
tion  of  flow  rate  of  CH  ,1  when  J\,„  -  .54(I°C  and 
7'^^.  =  390°C.  The  concentration  was  nearly  pro¬ 
portional  to  the  flow  rate  of  CH  ,1  between  0.(K)2I 
and  0.0147  /rmol/min.  Hall  effect  measurements 
could  not  be  made  for  the  film  grown  at  FR„^,,„^. 


CHji  Flow  Rate  (pmol/min) 

Kig.  I.  (  arricr  conccnlriMion  in  an  iodinu-Uoped  ZnSc  film  as 
a  funclion  of  ihc  flow  rale  of  CM  ,1. 


=  O.Olb  ^mol  /min  since  the  film  was  poorly  con¬ 
ductive.  It  is  considered  that  the  erystalinity  of 
this  film  was  poor.  Yoshikawa  et  al.  [6]  have 
reported  that  iodine-doped  ZnSe  films  with  a 


Fig.  Dependence  of  the  eleelrieal  properiies  of  iodine-doped 
ZnSe  films  on  the  growth  lemperature.  //„  =  .S7.S(  .  ^ 

.t70'C.  and  FR, . .  =■  (MMU:  ^niol  min. 
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carrier  concentration  between  10'^  and  10'’’ cm  ' 
were  grown  by  low-pressure  MOVPE,  using  eth- 
yliodide  as  a  dopant  source  with  a  How 

rate  that  was  varied  from  0.()()34  to  3.1  /rniol/min. 
In  the  present  investigation,  it  is  believed  that  too 
mucli  iodine  was  taken  in  for  an  epitaxial  film  lO 
be  grown  even  at  =  0.02.“'  /amol/min. 

The  iodine  concentration  shttuld  he  measured  to 
confirm  this  result. 

Fie  2  shows  the  temperature  dependence  of 
the  Hall  effect  in  a  film  grown  at  FR,,,,,,,,^.  =  (1.013 
M  mol/ min.  The  cur\e  for  electron  concentrations 
in  this  figure  was  drawn  to  fit  the  observed  values 
to  the  equation 


"( "  ^  y, ) 

.y,  -  .y,  -  n 


(I) 


which  was  derived  using  nondegenerate  statistics, 
y,.  y,  and  y,  denote  the  effective  donor  con¬ 
centration.  the  effective  acceptor  concentration 
and  the  donor  level,  respectively,  and  A;.  = 
2{2T7in*k'r/lr)^  The  parameters  obtained  by 
the  curve  fitting  were  .y,  =  .s.3  x  It)'’  cm  '.  .V,  = 


t  SeJ  [ZnJ  frt!'' 

F  4.  IX'pciulcncc  »)!  Ihc  electrical  prnpertteN  HHlnie-tlopetl 
/nSe  films  tui  the  source  fltm  rale  ratio  |Se|/|/.n). 

4''t)  (  arul  I  K, . O.tKM^  ^mol  /min. 
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l  ij’.  5.  I  ou  lempeiatiire  PI  prt>pcrties  on  iociine-viopet.1  /nSe 
films  when  l-R  was  vaneJ.  I-  K  (a )  1  i.i  mol  mm 

aiul  thMi.iU.'  (jmol  mm.  I  /,.  54(' C.  aiul  // 

-  .'WO  (  . 

2.4  X  It)'  cm  '  ind  //,  =  0.012  cV.  I'herefore. 
the  compensation  ratio  A,/  V,  was  0.4b. 

Fig.  3  shows  the  growth  temperature  depen¬ 
dence  on  the  electrical  properties  when  FR,,,^,,,,^, 
was  kept  constant  (0.0042  /umol/min).  An  elec¬ 
tron  concentration  of  4.4  x  lO'^  cm  '  was  ob¬ 
tained  at  30(FC'.  ;md  it  decreased  sh.irply  with 
increasing  growth  temperature.  Fig.  4  shows  the 
dependence  of  the  electrical  properties  at  room 
temperature  on  the  How  rate  ratio  of  the  si>urces 
when  FR„„|,„^.  =  0.0042  ^mol/min.  Carrier  con¬ 
centration  and  resistivity  were  scattered,  probabb 
because  of  larger  measurement  error  when  the 
film  was  thin  (the  film  thickness  ranged  from  I  to 
3  ^m).  but  may  be  constant  below  [Se]/[Zn]  =  3. 
Mobilities,  on  the  other  hand,  were  significant 
since  it  was  unnecessary-  to  take  the  thickness  into 
account  in  their  measurements.  It  is  not  clear  at 
present  if  the  mobility  decreased  at  [Sel/[Zn]  >  3. 

A  high  quality  FI.  property  was  observed  for  a 
film  grown  under  the  minimum  How  rate  of  CH  ,1. 


/  \fiimmn  I'l  III. ,  JiHirmil  of  (  n  shd  iimmh  l.^S  i  2y) 
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I  lu.  f*  I  o\s  ti.-nipi.  t.iliin.-  I’l  piopcf  In.''  on  loiJiiK-  ilopcil  /iiSc 
lilin*'  '.slu'ii  iIk-  source  tlo\s  ruu-  r.tiio  iScl  |/nl  \\;is  suiicJ 
iScS  l/.nl' tu)  1  2.  WHv.M.  ,iih\  viUw"  .  '.^D  (  ,nul 

IK,,  II  niU2  1.1  iib'i  mill 

\\hik'  ik'i.'p-lc\cl  omi>sioii  nKro;i^ -'ll  wilh  (11:1. 
as  sliouii  in  Mi;,  .'s.  lag.  (>  shnws  (he  low  tempera¬ 
ture  I’l  properties  when  the  How  rale  ratio  was 
\arieJ.  I  he  deep-level  emission  almost  disap- 
peareil  above  [Se]  l/.n|  2.2.  The  (titltl)  Cuko 

.\-rav  dilTraetion  peaks  tor  the  sample  shown  m 
lag.  (>h  appear  in  lag.  The  value  ol  lull  wulth  at 
hall  maximum  (IWII.M)  ol  the  ttilltl)  dilhaetion 
|ieaks  lor  the  /.nSe  Liver  was  nearK  the  same  as 
that  the  ka  .  dilTraetion  i>eak  lor  the  (iti.As  sul’- 
sirale,  lag  N  shows  the  I  V\  IIM  ol  the  Cuko, 
(.lillraelion  peaks  lor  /.nSe  epilavers  versus  the 
[Se|  (Zn|  How  rate  ratio  I  he  Him  thiekness  m- 
ereaseil  in  the  range  hetween  II. •ind  .V.'  urn  with 
inereasing  |Se|  |/.n|  ratio.  The  poor  erystalimtv 
at  low  |Se|  l/n|  ratio  was  .iltrihuled  to  higher 
ineoi [loralion  ol  iodine  aloms.  sinee  iodine  eould 
sul'stilute  into  Se  lattiee  sites,  although  the  .ai¬ 
rier  eoneenlration  was  almost  eonslant.  .At  high 
|Se|  |/n|  ratio,  poor  ervsialimtv  w.is  proHahly 
line  to  increased  numhers  ot  unknown  impurities 


\-i\L  ‘2.  Jiltr.icfinn  p.iiicin  lt>t  ‘he  s.nnc  s.iiiiplc  .is  m  I  ic 


incorporated  in  Zn  lattice  sites,  judging  Irom  the 
inerease  ol  l)-.\  pair  emission  inteiisitv. 

When  the  n-tvpe  ZnSe  Him  grown  hv  \  I’l.  is 
usei!  as  an  active  Liver  in  blue  I  LI)s.  as  men- 
tii'iied  above,  the  optical  properties  arc  poor 
when  the  I  K . .  is  high,  while  the  carrier  con¬ 

centration  is  not  enough  when  the  I  K., is  low: 
hence  series  resistanee  loss  becomes  high.  Then, 
step  sloping  ol  iodine  was  attempted  to  obtain  the 
oi'tieallv  and  electricallv  desirable  Z.nSe  Hims  as  a 
blue-emission  Liver.  SIMS  pro'iles  in  such  a  lilm 
are  shown  in  Mg.  'T  This  lilm  was  grown  as 


lie  N  IflC  I  \N1I\1  \u!iK>  Ml  Ifdttll  (  uK-i  \  Mt\  vIllll.K  linn 
pc.ikN  lo?  /nSc  lilms  ctMU  n  t  'll  ( !  I  Hi  K  i.i  \n  jv  .1  Iuik  t  b  mi  t't  t  tu 
vniicc  ilin\  luk-  MiliM  j Sc|  |/nl  I  he  lilm  ihickiu  ss  iiKie.t'sed 
in  Ihc  i.inue  hetuei  n  u  '» .uu!  '  ^  m  \Mtfi  itKic.iviiii:  ISel  |/n} 
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l  iii,  '■>.  SIMS  prulilc"  I't  inipuntiCN  in  the  ZnSc  him  v\jih  j 
ivso-sicp  HKlinc  doping:  (|l  undoped  l;i>ci.  (2)  iodine-doped 
i.iyei  ul  FR,,,.ii,u  "'•,0042  /innd  min.  und  (.')  iodine-doped 
hi\er  ul  FK  -O.OI.'  ^imol  min.  I  ueh  layer  \^a^  Mieces- 
Mvelv  er<m n  f<u  2  h, 

tiillows:  .in  undnped  layer  was  grown  at  first  lor  2 
li  (1).  CH  ,!  was  supplied  at  f  -  (1.11(142 

Mmol/niin  for  the  next  2  h  (2).  anil  ('H,!  was 
Mipplied  at  I  ~  (f('l.’  /iinol/niin  for  the 

l.ist  2  h  (.').  I  his  figure  shows  that  the  /.nSe  film 
with  .1  two-step  iodine  eoneentration  was  indeed 
grown. 


4.  Coni'lusion 

Properties  of  VPf!  ZnSe  films  doped  with  io¬ 
dine  impurities  were  investigated.  The  earrier 
eoneentration  was  eontrolleil  between  x  Kt"' 
and  7  ■  10'  em  '  at  .7.s()  ('.  I'he  eleetron 

eoneentration  reaehed  4.4  ■  lo''  em  ’  on  a  film 


grown  at  .'^0()°C.  bR,„j,i,^.  was  very  low  in  order  to 
get  epitaxial  growth  in  an  atmospheric  pressure 
system.  A  high  quality  PL  property  was  observed 
for  film  grown  under  the  minimum  flow  rate  of 
C'U,I.  When  the  [Se]/[Zn]  ratio  was  varied  at  a 
constant  CH., I  flow  rate,  there  was  an  optimum 
[Se]/[Zn]  ratio  for  erystalinity.  Two-step  doping 
of  iodine  was  attempted  to  obtain  the  eleetrically 
and  optically  desirable  ZnSe  film  as  a  blue-emis¬ 
sion  layer.  .SIIVI.S  analysis  confirmed  that  the  Zn.Se 
film  with  a  two-step  iodine  eoneentration  was 
indeed  grown. 
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ZnSe  single  crystal  growth  by  the  method 
of  dissoeiative  sublimation 

H.  Hartmann  *,  D.  Sichc 
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Abstract 

/-iiSc  single  cpisials  of  good  quality  have  been  grown  from  the  vtipoiir  phase  hy  dissociative  sublimation  in  sealed 
ampoules.  Under  /)„„„  conditions,  ma.ximum  transport  rates  have  been  metisured.  The  grown  crystals  htid  convex 
growth  laces.  Hvnvever.  the  majority  of  runs  in  this  category  yielded  relatively  poor  quality  boules.  .As  the  vapour 
approtiehes  eonditions  for  depositing  nearly  stoichiometric  solid  ZnSe.  ;it  decreasing  growth  rtites.  large  strain-free 
single  crystals  without  twinning  iind  morphological  instability  were  successfully  gri'vvn.  .Additiontil  eritical  partimcters 
whieh  contribtite  to  this  behaviour  tire  growth  temperature,  temperature  gradient  and  temperature  difference 
between  source  and  erystiil. 


I.  Introduction 

Itt  recent  yetirs,  there  httve  been  scxcral  re¬ 
ports  on  epitiixittl  growth  of  ZnSe  on  (iaAs  sub¬ 
strates  by  nietalorgtinie  chemical  vtipour  deposi¬ 
tion  (MOeVD)  and  moleeular  beam  epitaxy 
(MMU.).  resulting  in  the  development  of  the  first 
blue-green  laser  diodes  [1.21.  However,  in  the 
epitiixiiil  system  ZnSe-CiaAs  significant  biaxial 
strain  is  introduced  beettuse  of  the  lattice  mis- 
niiiteh  and  different  therniitl  expansion  eoeffi- 
eienls.  I  l:M  studies  httve  shown  that  a  highly 
defective  (ia.Se,  laver  is  lormed  at  the  interface 

lo  overcome  these  iliffieulties.  homoepita.xy 
hits  to  be  iipplied  using  ZnSe  substrtites.  In  ettm- 
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parison  with  ZnSe  melt  growth  under  pressure, 
gtis  phtise  methods  httve  the  tidvantttge  of  rev|uir- 
ing  lower  temperattires.  Twin  free  substritte-qual- 
ity  erystitls  with  reduced  defect  density  tmd  con¬ 
trolled  (notil-stoiehiometrx  were  grown.  I'he 
search  for  optimum  doping  eivnditions  is  closely 
eonneeted  with  investigations  to  control  ntilive 
point  defects,  ttiul  ntttixe  disorder,  in  turn,  eorre- 
Itites  with  dexitttions  from  stoichiometric  eompt>- 
sition.  This  pttper  presents  results  of  studies  on 
transport  and  grtnvth  effect  dependence  upon 
(non)-stoiehiometry  in  the  vtipour  phase.  I'his  will 
be  done  with  regtird  to  other  tiuthors  [4.7.11.1.']. 


2.  Mass  transport  and  non-stoichiometry 

In  genertil.  mttximum  trtmsport  of  materitil  in 
closed  ttmpoules  from  the  source  to  the  growth 
/one  wtts  obtttined  for  ti  stoichiometric  vapour 
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under  conditions.  Equilibrium  constant 
and  arc  given  by: 


^'r=P^.n'Pscr 

(1) 

/^„in.z„  =  (2A'„)'  ■. 

P,mn.Sc:= 

(2) 

rhe  net  tluxes  of  Zn  and  Se  components  being 
transported  through  unit  cross-sectional  area  of 
the  tube  per  second  can  be  expressed,  based 
upon  some  idealizing  assumptions,  as: 

•//n  =  ‘P/  JKT  ~  Dy  JRT  dpyjdx,  (3) 

h.  =  2ip^^JRT-lD^^JRT  dp^Jdx.  (4) 

In  these  equation.s,  r  is  the  flow  velocity.  D  the 
diffusion  coefficient,  x  the  axial  coordinate,  and 
Py^  and  p^^,  arc  the  partial  pressures  of  compo¬ 
nents.  Eqs.  (3)  and  (4)  indicate  that  there  are  two 
components  of  J.  namely  diffusion  flux  and  mean 
drift  velocity  of  molecules  (Stefan  flow)  [1 1]. 

Calculations  of  partial  pressures  have  been 
related  to  the  Py„-T  diagram  (Fig.  1).  Actually, 
the  solidus  range  of  ZnSe  is  slightly  asymmetric, 
and  congruent  points  at  minimum  pressure  do 
not  exactly  coincide  with  stoichiometric  points.  If 
/Vn/-/’sc.  ‘1  vapour  at  the  growing  surface  is 
not  equal  to  the  stoichiometric  composition  of 
the  solid,  a  build-up  of  one  component  with 
growth  time  will  occur,  leading  to  increasing 
boundary  layer  effects.  It  is  seen  from  the  dia¬ 
gram  d  ig.  I)  that  for  ZnSc  dept)sition  the  com¬ 
position  of  the  vapour  and  the  solid  differs  in  any 
case.  I'herefore,  this  effect  contributes  to  the  flux 
by  initiating  diffusion  processes. 


3.  Experimental  conditions 

The  growth  method  has  been  described  in 
previous  papers  [.^,6].  ZnSe  crystals  studied  in  this 
work  were  prepared  in  closed  tube  systems  under 
nearly  stationary  conditions  without  seeding  (Fig. 
2).  Table  I  shows  the  experimental  parameters 
which  have  been  applied  in  our  studies.  The 
growth  optimization  has  been  performed  in  two 
ways: 

-  Starting  material  was  crystalline  ZnSe  powder 


:(>i 


Fig.  I.  llomogencily  range  of  ZnSe  in  />-T  eooriiinaies. 
Dashed  lines  indicate  equal  composition  and  refer  to  the 
following  net  vacancy  concentrations  (cm  ’):  1V,„,1-1V;,„1  ■- 
U)''’(l);  lO'd:);  ll)'-(.t);  ltl'''(4);  III''' (5):  IV^J-lV’s,.)  =  111"’ 
(6);  It)'-'  (7);  It)'-’  (K);  11)"'  (V):  11)"  (10).  is  the  zinc 

partial  pressure  I'ver  the  stoichiometric  compound  [h]. 


of  .sN  purity.  In  general,  it  contains  a  substantial 
portion  (up  to  0.2  wt''r)  of  unreacted  Zn  or  Se. 
To  remove  these  components  and  volatile  impuri¬ 
ties,  the  source  powders  were  sublimed  at  tem¬ 
peratures  around  1()()()''C  under  dynamic  vacuum. 
ZnSe  with  definite  (non)-stoichiometric  composi¬ 
tion  was  equilibrated  by  long-time  annealing  un- 


I  -< 

5  200 


20  30  40  SO  60  70  80  90  I  cm 

Fig.  2.  Furnace  Icmpcraturc  profile  and  growth  capsule.  In¬ 
sert:  (1)  ceramic  pipe.  (2)  ll)-/one  furnace,  is»3laiii>n  and 
<4)  reservoir  furnace. 
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Table  1 

Parameters  ior  /.nSe  ervslal  growth  by  Jissoeiativc  sublima¬ 
tion 


Tube  geometrx 

Diameter 

h-25  mm 

Length 

5(1-  25(1  mm 

Source  temperature 

IKKI  125(1  (' 

(Jrowth  temperature 

lUsO  -  I23II 

.Apparent  undercooling  AT 

5-50  C' 

Temperature  gradient  al 

0.5-  iO  ('/cm 

interlace  d‘P/d  v 

\‘;teuum 

Sslll  0*a 

tor.  at  RT.  = 

.s  X  1(1 

I4x|()  ’Pa) 

Clrowth  time  / 

2  21  davs 

Clrowth  rale  J 

1  K  10  ‘T4x  10 
mt)l ,  cm '  s 

der  controlled  partial  pressures  ot  Zn  with  regard 
to  growth  temperatures. 

-  A  reservoir  containing  metallic  Zn  was  sealed 
to  the  growth  tube  and  communicated  via  a  nar¬ 
row  orifice.  By  controlling  the  temperature  of  the 
reservoir  during  the  growth  process,  some  mea¬ 
sure  of  control  over  the  vapour  composition  in 
the  capsule  was  obtained  [71.  Here  untreated 
source  material  can  be  used.. 

Furthermore,  attempts  have  been  made  to 
match  the  gas  phase  stoichiometry  in  a  self-ad¬ 
justing  system  analogous  to  Factor  et  al.  Ill]  and 
Lauck  et  al.  [12].  A  hole  of  lOU  ^m  diameter  was 
drilled  in  the  capsule  near  the  source  end.  The 
ampoule  was  suspended  in  vacuum.  However,  our 
e.xperimcntrd  results  indicate  that  there  was  some 
uncertainty  in  the  effect  of  the  leak  hole.  I'he 
efflu.xes  of  species  depend  in  a  complicated  man¬ 
lier  on  the  individual  source  excess  and  hole 
diameter.  Moreover,  the  leak  efficiency  varies 
with  growth  time  and  decreasing  interface  dis¬ 
tance  from  the  leak  hole. 

In  the  growth  zone,  various  temperature  gradi¬ 
ents  up  to  KFC’/cm  have  been  realized.  .Source 
and  reservoir  are  placed  in  temperature  plateaus 
(J/  <  ±(l..‘'°(').  A  capillary-tipped  cavity  (cold 
finger)  is  connected  to  the  end  of  the  ampoule  in 
the  growth  section  and  priwides  a  channel  for 
volatile  impurities  and  excess  components  [h.8. 10]. 


4.  Results 

For  experiments  performed  under  /i,,,,,,  condi¬ 
tions.  maximum  muss  transport  up  to  4  »  10 
mol  cm  ’  s  '  from  source  to  growth  zone  has 
been  found  by  weighing  the  transported  mass. 
This  behaviour  indicates  that  for  evaporation  and 
condensation  processes  quasi-equilibrium  is  dom¬ 
inant.  When  the  Zn  partial  pressure  was  changed, 
the  resulting  deviation  from  stoichiometry  in  the 
gas  phase  caused  a  sharp  decrease  ol  measured 
transport  rates  (Fig.  .4a).  Otherwise,  source  mate¬ 
rial  with  definite  Zn  excess,  resulting  in  values 
/^/iisi  the  vapour,  have  the  effect  of 

favouring  the  deposition  of  solid  Zn.Se  in  stoi- 


J  /  10'®moles  ernes  ' 

'  •  •  • 

10  ! 


*  PZn.st 

•  • 

(a) 

1  ■ 

1  23456789  10  11 

^  Zn.  exp  Zn,  mtn 

8  -2-1 
J  / 1 0’  moles  cm  s 


l-ig.  .V  (;j)  Vari.Ui(»n  ol  subhnialum  growth  rale  J  ot  /.nSe  as  a 
tunction  ol  />/„  in  the  amp<'ule  l\. -■=  A/  --IOC: 

/  12(1  mm:  iliametcr  -  f>  mm;  /Vn  tumi  "  ^  ^  MPa: 

/Nv  mm  -  '  I"  '  ^1***‘-  P/ns,  ^  P,  “  P/n 

4  -  '  III  ’  MPa  (experimental  xaliiesl.  (b) 

Transport  rates  J  versus  sublimation  time  /  (A/  -  ir' C'; 
ill  i\  \  15  C  em  m  growth  /one) 
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chiomctric  composition.  A  striking  feature  of  mass 
transport  analysis  is  the  dramatic  variation  of 
rates  with  the  degree  of  non-stoichiometry  in  the 
gas  phase.  The  material  transport  will  be  reduced 
significantly  and  can  become  under  these  circum¬ 
stances  the  process  limiting  step.  Moreover,  in 
closed  systems  with  non-stoichiomctric  gas  phase, 
a  continuous  decrea.se  of  transport  and  growth 
rates  with  e.xperimental  time  was  found  (Fig.  3b). 
It  is  reasonable  to  expect  that  the  growth  mecha¬ 
nism  is  controlled  by  enrichment  of  the  majority 
component  near  the  interface.  Experimental  re¬ 
sults  indicate  in  this  case  the  dominance  of  the 
boundary  layer  resistance  with  overlapping  sur- 
fiice  kinetics. 

Crystallographic  perfection  and  morphological 
stability  of  ZnSc  single  crystals  are  strongly  re¬ 
lated  to  the  composition  of  the  vapour  phase  with 
regard  to  growth  rates.  In  most  cases,  for  boules 
which  were  grown  with  maximum  growth  rates 
under  condition.s,  the  habitus  is  dominated 
by  rounded  cxtnvex  faces  (Fig.  4).  This  is  usually 
interpreted  as  an  indication  of  mainly  diffusion- 
limited  growth.  Multiple  nuclcation  on  the  am¬ 
poule  wall  occurred  and  a  heavily  twinned  poly¬ 
crystalline  cone  with  many  grains  was  produced. 
The  surfaces  of  the  boules  follow  the  general 
contour  of  the  ampoule.  Cirowth  over  the  full 
tube  diameter  has  been  observed.  The  dislocation 
etch  pit  density  (EPD)  on  ( 1 10)  was  ( 1.0  ±  0.2)  x 
10'  em  ’.  Step  generation  on  growth  faces  may 


J  4  /nSc  cf>s{.il  i/nJcr  cttdJrfton 

h.ak^rouiul) 


I'ig.  5.  ZnSe  single  trsMal  ot  nearlv  •'toichionietric  fonipt>M- 
lion  gp'wn  at  =  I  i35'C'  uneJer  non-sioichiomelrv  ^silh  />/., 
in  the  gas  phase  (scale  paper  background). 


be  attributable  to  adsorption  elfects  of  the  major¬ 
ity  component  Zn.  Zn  segregation  was  detected 
by  EDAX  analysis. 

Slower  growing  crystals  of  near-stoichiometric 
composition  were  olten  facetted,  and  did  not 
reach  the  full  possible  size.  Typically,  growth 
rates  of  about  2x10  mol  cm  '  s  '  have  been 
valuated  from  weight  analysis  of  mass  transport 
(from  this  value  ()..3  mm/day  could  be  estimated). 
Cirowth  conditions  for  the  deposition  of  stoichio¬ 
metric  ZnSe  favour  the  formation  of  a  single 
nucleus  at  the  tip  of  the  ampoule  without  requir¬ 
ing  seeds.  Under  optimized  eonditiims  (source 
material  composition,  adequate  supersaturation 
and  centre-piece  of  ampoule  tip  with  regard  to 
the  growth  isotherm),  multiple  nuclcation  on  the 
ampoule  wall  has  been  avoided.  Free-growing 
Zn.Se  single  crystals  with  a  volume  of  about  2 
cm without  grains  and  twinning,  frequently  have 
been  observed  (Fig.  .s).  No  strain  was  found  by 
pt)laris;ition  microscopy.  I'he  crystals  became  very 
clear  and  pale  yelkwv  in  colour.  They  showed 
morphological  stability  with  dominant  ( 1 10)  and 
small  (111)  faces.  The  EPD  (NaOFf  etchant)  on 
(III))  was  10^  cm  ’  with  disloc;ition-free  regions 
t)f  100-120  MUi  in  diameter,  .\-ray  transmission 
tttpographs  revealed  also  heterogeneous  disloca- 
ti<m  distributions.  X-ray  diffraction  rocking  cuixes 
showed  F'WFIMs  of  abou.  s  arc  see  (Fig.  b).  The 
IR  absorption  at  10. b  ^in  was  0.2'';.  Photolumi¬ 
nescence  spectra  exhibited  more  gap-near  emis- 
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Fig.  h  Douhle-cryst.tl  X-rav  diffraction  rocking  curve  for  a 
nearly  stoichiometric  ZnSe  single  crystal  l<-  uKrt|.  Ge  (22(t)|. 


sion  than  dccp-levcl  emission  under  focussed  N,- 
laser  exitation. 

All  as-grown  ZnSe  crystals  had  high  resistivi¬ 
ties  in  the  range  of  10"  up  to  10'-  il  cm.  The 
most  important  method  to  purify  the  probes  from 
compensating  contaminants  is  the  extraction 
technique  in  liquid  Zn  [6, 14).  This  technique  con¬ 
sists  of  annealing  the  crystals  in  contact  with  the 
Zn  melt  for  5(1  to  300  h  at  1(KK)°C.  By  this 
treatment  the  resistivities  were  reduced  to  several 
10  '  il  cm  with  electron  mobilities  of  5(KI  to  600 
cm  -V  's  Since  equilibration  with  the  liquid 
component  metal  brings  the  crystal  to  a  state  on 
the  metal-rich  boundary  of  the  homogeneity 
range,  the  highest  possible  rovrm  temperature 
electron  concentration  (about  5  x  10'’  cm  ') 
should  be  expected,  for  doping  experiments,  sub¬ 
stantial  quantities  of  dopant  elements  (for  in¬ 
stance  Al.  Ga)  were  mixed  into  the  Zn  melt. 


5.  Conclu'iuns 

Optimization  experiments  for  ZnSc  crystal 
growth  by  dissociative  sublimation,  especially  with 
regard  to  high  crystallographic  perfection,  have 
been  successful  under  the  following  prerequisites: 
-  sufficiently  high  growth  temperature  level  {T^ 


>  11()()°C)  to  restrict  condensation  and  source 
evaporation  limitations; 

-  relatively  low  undercooling  JT  <  3()°C';  faster 
growth  rates  induced  by  a  higher  AT  result  in 
d«/d.v>()  (a  is  activity)  and  due  to  constitu¬ 
tional  supercooling  the  interface  is  no  longer 
stable; 

-  temperature  gradients  d7/d.v  <  5’C/em  in 
front  of  the  growing  crystal  result  in  a  decrease  of 
supersaluration  and  growth  rates;  imposing  d/'/ 
dx>AT/t  (/  is  ampoule  length)  will  protluce 
morphological  stability  in  accordance  with  factor 
ctal.  [II]; 

-  partial  pressures  in  the  gas  pha^e  appropriate 
to  deposition  of  solid  ZnSe  i:i  stoichiometric 
composition; 

-  mainly  diffusion-contiolled  mass  transport. 

On  this  basis,  growth  conditions  were  estab¬ 
lished  for  the  deposition  of  stoichiometric  ZnSe 
and  the  formation  of  free-growing  single  crystals 
without  morphological  instabilities.  Under 
conditions  we  achieved  maximum  transport  rates, 
but  the  majority  of  runs  in  this  category  yielded 
relatively  poor-quality  boulcs.  Furthermore, 
growth  experiments  were  strongly  aftected  by  pu¬ 
rity  and  composition  of  source  material. 
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Characterization  of  impurities  in  II-VI  semiconductors  by 
time-resolved  lineshape  analysis  of  donor-acceptor  pair  spectra 
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Abstract 

Sircnyth  aiul  cncijis  pcisilion  i>l  Jonor  acccptoi  pair  (DAI’)  kiniincscciicc  katuls  arc  ollcii  lor  a  cukIc 

estimate  of  impurits  incorporation  ami  n.iiurc  in  ll-\  l  cpilascr  slrikliiics.  \\c  (.Icmonsiratc  that  anaKsis  ol  DAP 
emission  has  to  he  perrorme(.l  more  earelulh  to  uet  reliahle  inlormalion  I'l  that  kiiul.  llioroniili  lineshape  analssis 
allows  one  to  determine  the  acceptor  hindint:  cncruy  quite  csaelK  if  the  donor  eneri:\  is  known,  and  he\ond  thie  (he 
phonon-eoupliiij:  parameters.  ,\  missing  or  ledneed  line  narrowing  ol  the  D.\P  haiuls  in  ihin  epiUoers  ioi  decreasing 
exeilalion  ilensilies  is  due  to  inhomogeneous  impurity  dislrihiilion  within  the  strain-proliled  layers.  In  ns  time-re- 
solvi  d  analysis,  DAP  tieeay  is  shown  to  depettil  sensithely  on  deleetion  energy  within  the  hand  hut  is,  at  all  eneigiee. 
perleetly  deserihed  hy  hieyponenlial  I'its.  l-il  parameteis  iinoKe  impiiiiiy  binding  energies  and.  lluis.  are  an 
imlependent  tool  ol  serilying  data  obtained  Irom  lineshape  analyMs,  Speelrally  ume^oKed  double  hands  can  he 
identilieil  and  distm.iuiished  by  this  methoo. 


I.  Introduction 

Reliable  p-dopingtil  II-VI  semieoiKluelors  like 
/.nSe  is  still  one  of  the  nitijoi  problems  in  erysi;il 
growth  and  epitaxy  [l-,'|.  Dilfieulties  rise  eveti 
in  estimating  the  slopant  eoneentr;iiion  ;ind  iit 
eharaeteri/ing  intentional  ami  imintentiotial  im¬ 
purities  by  determining  itteir  binding  energies. 
Imergies  of  bound  exeitons  are  often  close  to¬ 
gether.  and  their  two-eleetron  satellites  yielding 
precise  imptirilx  energies  are  hardly  obserxiible 
already  at  moderately  enhtrged  dop;mt  eoncen- 
tnitions.  Any  fine  struettire  (discrete  pair  lines)  of 
donoi  acceptor  pair  emission  (DAP)  or  Irtinsi- 
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tions  from  ;md  into  excited  states  of  impurities  as 
iieetirate  measures  lor  doiranl  studies  are  raiely 
seen  in  the  samples  |4l.  Other  methods  like  sec¬ 
ondary  ion  mass  speetrometry  (SIMS)  aie  only 
applicable  m  the  heaxy -doping  limit.  I  hereloie. 
\ei>  rough  estimates  of  dopant  eoneentiations 
are  based  on  the  determination  of  intensity  i.itlos 
t'f  donor  acceptor  pair  bands  to  (he  exeitonie 
lumineseenee. 

Although  the  lumineseenee  is  well  un¬ 

derstood  in  principle  since  more  th.in  two 
deeticles.  little  effort  has  been  made  to  use  the 
full  theory  in  eharaeteri/ation  of  semieonduetors. 
By  eombining  both  intensity -dependent  and 
time-dependent  speetroseopy  of  D.AP  lummes- 
eenee.  we  presenl  a  powerful  tool  to  determine 
the  acceptor  binding  energy  and  the  phonon  cou¬ 
pling  parameters. 
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Kitr  this  purpose,  we  use  an  advanced  theory 
based  on  the  model  proposals  of  Thomas  and 
Hopfield  [5].  It  was  expanded  by  Colbow  and 
'I'uen  [b]  who  gave  a  lineshape  analysis  of  the 
intensity-dependent  DAP.  We  have  included  the 
phonon  coupling  [7.SJ  and  give  additional  re¬ 
marks  (in  the  distant-neighbour  recombinations, 
furthermore,  the  recombination  rate  of  excited 
pairs  as  calculated  by  Bindemann  and  finger  [d) 
is  included. 

Measurements  of  D.4P  bands  in  ZnSe  bulk 
eiystals  are  compared  with  the  theory  outlined 
abo\e.  f  urther,  we  investigated  DAP  emission  in 
strained  ZnSe/GaAs  epilayers  as  being  impor¬ 
tant  for  devices  with  regard  to  the  peculiarities  of 
the  bands  in  inhomogeneously  strained  systems. 

2.  Experimental  setup 

The  epilavers  used  in  this  study  were  grown 
either  bs  MBE  (Purdue  University)  or  by  metal- 
organic  vapour  phase-epitaxy  (MOVPH)  on  (}aAs 
substrates  (Inst,  fur  Ualbleitertechnik.  RWTH. 
Aachen).  The  bulk  material  was  grown  out  of  a 
solution  and  was  doped  with  Li. 

F’hotoluminescence  was  measured  at  1.6  K  us¬ 
ing  the  .12.^1  and  441.6  nm  emission  lines  of  a 
He-C‘d  laser  (Omnichrome).  The  excitation 
power  density  is  varied  irom  1  mW/cm’  to  ."iOO 
W/enr.  I'he  spectra  were  analysed  by  using  a  I 
m  Spex  monochromator  (resolution  0.(17  meV) 
and  a  bialkali  photomultiplier. 

.An  excimer-laser  pumped  dye  laser  served  as 
light  source  (12  ns  pulses)  for  the  time-resolved 
measurements.  The  excitation  wavelength  was 
chosen  in  the  spectral  regime  of  the  free  exciton 
(441.6  nm).  The  time-resolved  spectra  of  the  DAP 
sigruil  were  recorded  with  a  gated  optical  multi¬ 
channel  antilyser  (OMa\)  system.  I  he  gate  widths 
were  10  and  20  ns  for  lime  ilehiys  to  the  exciting 
pulse  below  anil  beyond  200  ns.  respectively. 

3.  Theory  of  donor-acceptor  pairs 

.7/.  I .iiit’sliiiiH’  III  (  ii'ic  of  slcaity-shilc  (•xtiliilion 

Standard  tre;itmcnis  [.>.6]  analyse  the  I.O-pho- 
non  assisieil  DAP  recombination  process.  fi|.  (I). 


by  taking  into  account  a  next-neighbour  recombi¬ 
nation  exclusively: 


(D".  A")  (D.  A 

)  khi'f 

(  1 

I'll  ^  ^  1  O  ^  f-L  ■ 

(2 

(3 

with  ^  and  the  acceptor  and  donor  ioniza¬ 
tion  energy,  respectively,  r  the  acceptor-donor 
pair  distance.  the  Coulomb  binding  energy  of 
the  (D  .  A  )  pair,  and  k  an  integer  to  give  the 
number  of  emitted  LO  phonons. 

The  lineshape  of  the  DAP  emission  has  to  be 
analysed  with  regard  to  the  following  considera¬ 
tions; 

•  f'or  a  given  acceptor  A  the  probability  ,e(/  )d/' 
of  finding  the  next-neighbour  donor  D  at  distance 
/  can  be  calcuhited  as  (if  .V^^.V^  [6].  A,,. 
donor/acceptor  concentration) 

!i(r)  d;  =4-.V|,r-  dr  exp(  -  t77.V|,r'’).  (4) 

•  For  the  recombination  rale  H'(r)of  the  process 
(D".  A") -*  (D  ■.  A  )  + we  prefer  the 
calculation  of  Bindemann  ;md  Unger  [d]  yielding 
a  more  precise  description  of  U'(r)  than  the 
simple  exponential  law  used  in  refs.  [lO.1 1]: 


”  V  '  1  -  ”il  ,  ; 

(  .  I-  -  B-)  r 

X  (|4.1«  1  (  .1'  -  H-)lir]  exp(  .Ir) 

-  [4.4/7  -  (  .4-  -  /7-).4r]  e.xp(  -  fir)}. 

(?) 

where  .4  aiul  //  denote  the  rceiproeal  Bohr  radii 
of  the  donor  and  the  acceptor,  respectively.  11',  is 
an  unknown  constant  giving  the  recombination 
rate  at  the  ptiir  distance  r  =  0. 

•  I  he  steady-state  traction  /^(  r )  of  excited  pairs 
with  a  ptiir  separation  r  is  calculated  by  using  a 
simple  steady-state  rate  equtition.  Excitation  of  a 
pair  from  the  ground  state  (D'.A  )  into  the 
state  (D".  z\")  possesses  a  capture  cross-section 
<r(r).  for  thermal  equilibrium  in  the  conduction 
band,  rr  '  r’  [12].  By  assuming  a  photogeneration 
rate  g  of  free  carriers,  one  obtains 

/,.(r)  -  [l  +  lT(/  )/g(r(r)]  '.  (h) 
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•  Based  on  the  adiabatic  approximation  [7],  the 
probability  for  the  creation  of  k  phonons  at 
DAP  recombination  (Eq.  (D)  is  included  as  being 
Poisson  distributed 

H;(r)  =exp[-.S(;)].V‘(,)A!.  (7) 

The  phonon  coupling  function  .S(r)  covers  the 
details  of  lattice  and  impurity  interaction,  and 
gives  a  different  value  for  each  pair  separation  r. 
The  coupling  function  derived  in  ref.  [8]  contains 
two  free  parameters  S’  and  S" 


I  •"'-f  -/  >• 

S'  2 - I  -e  ^'  I  +  — 


—  d  +  — d- 

16  16 


with  distant  donors.  In  our  model  each  next- 
neighbour  DAP  is  embedded  in  a  background 
distribution  of  neutral  donors.  The  altered 
steady-state  fraction  /[*  of  excited  pairs  takes 
into  account  the  additional  recombination  rates. 
A  numerical  integration  about  distant-pair  re¬ 
combinations  is  performed  as 


f/ciO  'r-H'(r)- 


-exp(  -  .S(  r)) 


X  .e(r)  /*{r) 


+  477\„r-lf[i;(R)  d«|  . 


f  ■*  1  -  e  "ll  -t-a  H-  -t5-|  .  (8) 

where  S  denotes  the  dimensionless  number  2r/a,-, 
with  the  donor  Bohr  radius  Combining  these 
terms,  the  lineshape  of  the  A  th  phonon  replica 
reads: 

''’'fUr)  f^(r)  W(r)  »;(r) 

=  r'K(r)  fjr)  W[r) 

.V*(  r) 

x-^exp[-.V(/)].  (9) 

The  theoretical  lineshape  applied  in  this  paper 
is  the  sum  of  the  zero-phonon  band  and  three 
phonon  replicas  (replicas  with  k>  are  known  to 
hardly  contribute  to  the  spectra): 

/(  /:  )  d/:  '  E  +  ATi<a,,,)  /*(  -H  kfiw^^,). 


where  the  Heavyside  function  0(  +  A7i<a, ,,) 

cancels  out  contributions  with  negative  Coulomb 
energies.  Eq.  (.1)  provides  and  Hr)  dr' 

r'Hr)  d /;,  is  used. 

d/j/d/:^=(l.  with  according  to  Eq.  (6). 
yields  a  relation  of  excitation  intensity  tt)  zero- 
phonon  peak  position.  Eor  sufficiently  high  con¬ 
centrations  A/,,  »  /V.^  a  neutral  acceptor  may  in¬ 
teract  not  only  with  the  nearest  donor  but  also 


3.2.  Tran.sicni  hclmriour  of  D.  \P  hands 

After  generation  of  E^.)  pairs  with  separa¬ 
tion  r  by  a  single  laser  pulse,  the  intensity  of 
radiative  recombination  at  energy  /•.'  = 

+  Ey)  4-  E^.  is  given  by 

/(  E.  / )  = -Vl  EJ  cxp[-.S(Ej] 

xl)(E,)  e.xp[-IT(Ejt] 

+  E^  + 

Xexp[  -.S'(  E^  -t-  /koi,,)]  .S(  E^  ^  f'w,,)) 

X  H  (  /:  ^  +  I  ( j ) 

xexp[  -  11  (  E^  /ooi  ,,)t  ] .  (12) 

Only  the  zero-  and  one-phonon  replicas  are 
taken  into  account  for  the  analysis  at  energies  on 
the  zero-phonon  band  where  A-LO  replicas  with 
k  >  I  hardly  contribute.  Distant-neighbour  re¬ 
combination  becomes  negligible  at  low  dopant 
concentrations  of  .Vi,  <  1.0  x  10'  cm  ’.  The 
c»)nstanl  effective  recombination  rate  IT(E^  latter 
Eq.  (.'i)  yields  an  exponential  decay  for  each  pair 
distance  r.  being  observable  on  all  phonon  replica. 
Eq.  (12)  is  a  two-exponential  law  and  can,  for  fit 
purpo.ses.  be  replaced  by 

/(  E.  I )  =  /;;  e.xp(  -  t/r„ )  f  /,!  exp(  ^  t/r, ) 
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Fill.  I  Phoioluinincsccncc  spcclru  (it  DAP  tor  three  (Jifl'erenl  samples  for  representative  high  (."'lit)  W/cm'.  upper  ein\es)  ancJ  low 
excitation  Jensities  (2n  mW,  enr .  lower  curves).  Solid  lines  refer  to  the  experiment  and  dashed  lines  show  theoretical  curves. 


4.  Experimental  results 

4. 1.  Litwslutpc  fils 

Excitation-density  dependent  lumineseenee 
spectra  for  both  ZnSc  bulk  crystals  and  epilayers 
are  depicted  in  Fig.  I.  All  samples  shove  a  shift  of 
the  DAP  bands  to  lower  energies  as  the  excita¬ 
tion  densities  decrease.  The  bulk  sample  exhibits 
a  distinct  line  narrvtwing  for  low  excitation  densi¬ 
ties  d  ig.  I;i).  as  is  expected  from  Eq.  (10).  I'he  4 
/um  Zn.Sc  ;  (ia/GaAs  layer  shows  a  much  weaker 
line  narrowing  (Fig.  lb).  Additionally,  it  is  proven 
by  timc-rcsoivcd  analysis  that  the  spectra  arc 


composed  by  two  DAP  bands  involving  two  dif¬ 
ferent  acceptors  in  this  sample.  The  thin 
ZnSe/GaAs  layer  (1,0  /im)  being  N-doped  shows 
no  line  narrowing  at  all.  as  generally  observable 
for  thin  epilayers. 

For  a  least-squares  fit  of  Eq.  (10)  to  each  of 
the  high-cxckuiion  shapes,  F,,  a.s  a  known  con¬ 
stant  and  four  fit  parameters  were  used:  The 
energy  difference  between  acceptor  and  donor 
level  .V|,.  and  the  two  phonon  coupling 

parameters  S'  and  S"  (Eq.  (X)).  Furthermore. 

=  2.S2014  eV  [13].  From  this,  we  calculated 
-  ip  -  i.^p.  I'he  fit  is  very  sensitive  to 
the  parameter  i'^p.  the  fitting  error  Ji'^p  is  less 
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l.c;is!  s(iu;ircs  (it  parameters  tnini  lineshapes  analysis 
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than  1  mcV.  For  the  Li-d(iped  hulk  material  (Fig. 
la)  we  round  /:\  =  11.')  nie\',  being  close  to  the 
reported  values  of  F. V  =  1 14-1 18  meV  (2]  and 
H['  =  1 14.4  +  0.4  meV  [4].  For  the  N-doped  layer 
(Fig.  le)  we  determined  F .^  =  1 1 1  meV.  Re¬ 
ported  values  are  F =  100-112  meV  if  some 
clear  t)utliers  in  previous  work  are  ignored  [2). 
For  the  Ga-implanted  layer  (Fig.  lb),  the  known 
donor  binding  energy  Ffj''  =  27.0  me'V'  [2]  results 
in  twd  acceptors  with  binding  energies  F'^''  =  1 1.^ 
meV  and  =  12.8  me\'.  Here,  F',,"’  belongs  to 
the  second  acceptor  giving  rise  to  the  weaker 
luminescence.  The  ratio  .)f  intensities  DAP'  '/ 
D.AP''' =  0..)2  as  determined  from  the  lineshape 
fit  directly  measures  the  ratio  of  concentrations; 
henee,  =  0..)2.  Na  as  a  common  accep¬ 

tor  in  ZnSe  is  reported  to  possess  F  =  12.''-l.'() 
nieV  when  disregarding  a  number  of  outliers  [2]. 
I'hus.  we  identify  the  two  acceptors  in  our  (ia- 
doped  samples  as  l.i  and  Na  and  believe  our 
value  for  Li  to  be  closer  than  I  meV  to  the  true 
value  (if  the  repented  binding  energy  fe)r  Ga  is 
true). 

The  values  for  the  concentrations  of  the  major 
impurity  given  in  Table  1  should  be  treated  with 
caution.  The  lineshape  including  distant  neigh¬ 
bour  recombinations  (Fc|.  (II).  which  we  regard 
to  be  a  better  one  than  tc|.  (d)  including  next- 
neighbour-recombinations  exclusively),  is  pre¬ 
sented  in  F  ig.  2  where  the  next-neighbour  and 
distant-neighbour  contributions  arc  given  sepa 


I  i^.  2.  rile'  ihcDrclikul  DAP  liiKvh.ipc  iikIiuIihl 
nci^hlioiii  rL'o>Jiihit);FJi(»Fis  (I.ij.  (ID.  lahcllcil  '11111  iIkmua  A  m 
yoiniTinsun  wFth  (he  hulk  huiiiiicsceHec  (miIuI  line).  Ihe  Kihcl 
next  nci^hhours  '  Id  ihc  ncvt-nciiihlnun  pari  nl  I  q. 

(II).  vxhile  the  l.jhel  'ihsl.itil  iiei^hhoiirN”  hel(>n>:s  In  Ihe 
clislanl-neF^hhoit!  pari  n(  I  q.  (ID  exeluNixeK. 


rately  and  are  combined.  However,  a  lit  based  on 
F'q.  (11)  becomes  ambiguous.  If  we  assume  a  low 
concentration  V,,  the  influence  ol  dist;int- 
neighbour  recombinations  can  be  neglected  ami  a 
satisfying  linefit  can  be  achieved  with  .N,,  =  .).((  ■ 
10"’  cm  ’  (l-'ig.  la).  Assuming  a  high  concentra¬ 
tion  A'l,  wc  have  to  perform  the  full  theory  (F:q. 
(ID)  yielding  the  result  of  a  similarly  satisfying 
linefit  at  A,,  =  4.0  x  lO'  cm  '  ( 1-ig.  2  and  I  able 
1). 

In  most  samples,  we  found  that  the  arliabatic 
approximation  (tiq.  (7))  lor  the  phonon  cou|iling 
is  valid.  However,  for  the  4  qni  sample  the 
phoncm  coupling  is  obviously  not  poisson  dis¬ 
tributed.  Here,  the  intensities  of  the  two-  and 
three-phonon-replica  are  underestimated  in  gen¬ 
eral.  This  may  be  due  to  lattice  distortion  by  ion 
implantation.  I'he  given  values  for  the  phonon 
coupling  parameters  .S'  and  S"  (  Table  I )  are  hard 
to  judge  on  because  no  other  work  on  phonon 
coupling  in  ZnSe  using  the  theory  of  Roepke  et 
al.  [8]  had  come  to  our  knowledge. 

As  a  further  test  on  our  theory.  Ihe  parameters 
determined  from  the  high-exeitation  spectra  were 
used  to  plot  theoretical  low-excitation  spectra 
(sec  Figs,  la-lc.  lower  curves).  In  order  t('  do 
this  we  calculated  an  effective  rate  g  that  trails 
ports  the  D.AP  ci.ne  to  Ihe  experimentally  deter¬ 
mined  peak  position.  I'he  results  indicate  good 
agreement  for  the  bulk  sample,  less  satisfying 
agreement  for  Ihe  4  qm  layer,  and  poor  agree¬ 
ment  for  the  thin  layer.  This  indicates  that  the 
strong  broadening  of  the  I).\P  bamis  in  the  lallcr 
cases  is  indeed  causeil  by  the  extreme  inhonio- 
geneily  of  the  strain  within  the  first  I  /um  layer 
upon  the  interlace. 

4.2.  /.cio-pluiiuiii-pciik  posuum 

In  a  second  step,  we  derive  the  dependence  ol 
/cro-phonon-peak  position  on  excitation  density 
/'"  by  connecting  l:q.  ('))  to  the  phoiogeneralion 
rate  g  of  free  carriers  (F-.q.  (ti))  by  setting 

.g  t/‘".  (14) 

y  being  the  quantum  efficiency.  F  ig.  curve  A. 
shows  the  preilicted  peak  position  when  using  the 
lineshape-determined  parameters,  t  he  contradic- 
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l  ie.  ,'v  /cni-phiMuin  |ic;tk  [loMtlon  \cr''U''  c\ctl.ititin  tlciiMls 
K'l  the  l■'uik  ^a^lpk■.  Opun  cirL'Ies  hclonu  U>  c\pciinicntitl  peak 
poMtions.  aiul  dashei.1  cuno  .A  and  t.!olIcd  cuiac  B  relcr  In 
lheni\.  I'he  lahels  I’l  and  l’2  retci  lo  die  liw-  and  high-cvcita- 
linn  'P'  Ira  eliown  in  l  iji.  la.  respcctivek. 


lion  to  the  experiment  is  clearly  seen,  li  .-.hould 
be  noted  that  the  theoretical  curxes  were  normal¬ 
ized  and  fixed  at  an  arbitrary  point  of  the  experi¬ 
mental  data  due  to  the  unknown  ciuantity  \ .  big. 
3.  curve  B.  matches  the  experimental  points  and 
is  a  result  of  least-squares  fitting  (se  lable  II. 
However,  il ^  =  104  meV  being  deriv  I  disagrees 
with  the  value  obtained  from  lineshape  analysis 
(113-11-A  meV).  I'he  reversed  calculation  of  a 
lineshape  with  /■, ^  =  104  meV  leads  to  a  rather 
poor  matching  to  the  experimental  lineshapes. 
Tiiis  contradiction  is  found  in  both  bulk  material 
and  layers.  We  believe  that  the  simple  connection 
g  '  1'^'  is  not  valid.  Due  to  the  high  .ibsorption 
coefficient  for  a  band-to-band  excitation,  only 


TIME  (ns)  TIME  (ns) 

I  ii:  4  (;i>  I  ink'-dcpcndcnl  hjniincscciuc  inlciisilv  Ht)  ot  ihc  DAT  /cio-plu>m>n  b.nul  h>i  the  hulk  vaniplc  ai  ihrcc  dittcrcni 
spcv.liai  pDsilH'MN  A.  li  and  C  .  Ihc  lahcK  A  ('  reter  to  1  lu.  .^a.  Ihc  solul  lino  represent  the  bicxponciitial  tittini:  ciuxes.  tb) 
1  inic-klcpcndent  Uimineseence  tnlcnsit\  hl)o\  the  D.AP  /ero-phonon  baiul  loi  the  (ia-doped  laser  at  three  dttleicnl  spcclial 
posiiitiji  1  h’.-  Milid  lines  represent  the  loin-e\pt»nenlial  lillinii  eiirses 
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I  te  '  (al  l  itlctl  lilciHnes  versus  spectral  posiimn  |oi  the  bulk  sample  in  a  bicxponential  moilel  The  hiniincseenee  spectrum  senes 
as  a  eimle  lo  ideiililKatmii  ot  tletecli»>n  eiierjiies  v\ilbm  the  bands,  (bl  l  it  ot  the  thetuetical  htclimc  l.inetu'ii  I  M  l  I  )  (solul  line. 
I  i|  <■'))  It'  ihc  hleliincs  in  Ihc  bulk  sample  (open  circles,  see  l  ijr.  4a) 
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ciirricr  transport  by  diffusion  should  feed  the  DA 
pairs  in  the  volume  of  the  crystal.  Additionally, 
there  is  low  reabsorption  of  DAP  light.  Hence,  all 
parts  of  the  inhomogeneously  excited  crystal  con¬ 
tribute  to  the  detected  light.  This  effect  should  be 
strongest  in  the  case  of  bulk  material,  where 
red-shifted  luminescence  contributes  from  a  large 
\olumc  out  of  the  deep  of  the  crystal.  Indeed,  the 
deviatiim  of  the  predicted  zerti-phonon-peak  po¬ 
sition  to  the  experiment  is  strongest  in  bulk  sam¬ 
ples. 

['imc-n'sdh  cd  spedm 

I  hc  decay  model  described  in  section  being 
fitted  to  the  time-resolved  luminescence  intensity 
/(t)  at  different  fixed  spectral  positions  L  (see 
l  ig.  4a  lor  the  transients  at  energies  A.  B  and  (' 
as  marked  in  F-ig.  ,>a)  provides  an  independent 
check  of  ^  and  f:,,  obtained  so  Far.  larr  the 
hulk  sample,  we  fitted  by  using  the  biexponential 
model  described  above  (ffq.  (1.4)).  The  resulting 
lifetimes  T^(E)  and  -.(/■.)  are  shown  in  F-ig.  .sa. 
rite  origin  of  the  shorter  lifetime  -,(/:')  is  due  to 
the  contribution  of  photons  from  the  DAP- 1 1.0 
process.  Hence. 

7,(/-.  )  =r,(/f  f /Ka,,,).  (l.S) 

Thus,  one  m;iy  shift  the  experimentally  deter¬ 
mined  values  T.  to  higher  energies  by 
.41. .s  meV  (I'ig.  .Sb).  A  least-squares  fit  of  I£q.  (.s) 
to  these  lifetimes  by  using  the  relation  between 
rtites  and  lifetimes,  IV(E)  =  I yields  = 
117  meV.  deviating  by  4  meV  from  the  value 
obtained  from  the  lineshape  analysis.  F-or  the 
(ia-doped  layer  containing  two  acceptor  species. 


we  use  a  four-e.xponential  decay  law  (Fig.  4b). 
t'\"=117  meV  and  /.''^’’=I2.4  meV  thus  ob¬ 
tained  (sec  Table  2).  exhibit  good  agreement  with 
the  values  frirm  the  lineshape  analysis  (cf.  Table 
I). 

We  repeated  the  fitting  procedure  in  the  re¬ 
gion  of  the  l-L.(i)-phonon  hand  and  found  the 
same  decay  characteristic  as  in  the  region  of  the 
zero-phonon  btind  at  just  the  t-firan,  energy, 
respectively  (mrt  depicted).  Identical  lifetimes  in 
the  four-c.xponcnti;il  model  were  found  at  an 
energy  spticing  of  one  LO  pln>non.  This  strongly 
verifies  our  model,  as  it  is  expected  lhal  in  the 
region  of  the  one-phonon  band  the  luminescence 
is  dominated  by  a  superpc'sition  of  the  one-  ;ind 
twn-phonon  replicti  (Hq.  (10)). 

In  conclusion,  our  results  show  that  DAP  anal¬ 
ysis  is  a  useful  means  of  impurity  identification  if 
performed  carefully  with  sophisticated  model  de¬ 
scriptions  but  should  be  looked  sceptically  upon 
if  used  for  crude  estimations  only  due  to  its 
sensitivity  on  intensity,  strain  and  superposition 
of  different  DAP  luminescence  series. 
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Abstract 

The  diffusion  of  zinc  into  hulk  grown  cadmium  telluride  has  been  studied  at  SOII'C  as  a  funetittn  of  anneal  time 
and  mass  of  the  diffusion  source.  The  diffusions  were  earried  out  in  evacuated  silica  ampoules  and  the  diffusion 
prtifiles  were  measured  using  a  radiotracer  sectioning  technique,  although  some  measurements  were  obtained  using 
scanning  electron  microscopy  with  an  EDAX  attachment.  When  the  mass  of  zinc  placed  in  the  ampoule  esceeded  2 
mg.  a  ternary  compound  of  Zn.C'd,  ,Te.  with  .v  =  0.8.  was  formed  on  the  surface  t>f  the  slice  early  on  in  the 
diffusion  and  the  diffusion  profiles  consisted  of  two  components.  Two  values  of  the  diffusivitv  were  obtained. 

-  X  1(1  "  cm' s  '  and  D,  -»  2  x  10  cm’ s  '.  for  anneal  times  exceeding  b  h  and  a  mass  of  zinc  of  8  mg 
placed  in  the  ampoule.  This  contrasted  with  the  results  when  the  mass  of  zinc  was  less  than  2  mg  when  no  effective 
surface  layer  of  the  ternary  compound  was  formed  and  diffusion  profiles  consisting  of  a  single  component  were 
obtained.  It  is  proposed  that  two  diffusion  mechanisms  are  operating,  one  due  to  zinc  atoms  diffusing  from  the 
vapour  into  the  Zn,Cd|  ,Te  layer  and  the  second  an  inlerdiffusion  between  the  ternary  compound  in  the  surface  of 
the  slice  and  the  CdTe  in  the  bulk. 


I.  introduction 

The  II-VI  semiconductor  CdTc  has  a  wide 
variety  of  applications  including  y-ray  detectors, 
solar  cells  and  electro-optical  modulators,  but  the 
most  common  use  is  as  a  substrate,  a  barrier  layer 
or  a  capping  layer  in  the  production  of  Hg, 
Cd|  ,Te  (MCE)  infra-red  detectors. 

One  of  the  greatest  problems  in  manufacturing 
MCT  devices  is  the  difficulty  in  obtaining  bulk 
grown  CdTe  substrates  of  high  quality.  Bulk  grown 
CdTc  contains  defect.s  such  as  twin.s,  sub-grain 
boundaries  and  tellurium  precipitates,  and  some 
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of  these  defects  will  propagate  up  into  the  grow¬ 
ing  MCT  epitaxial  layer,  producing  inferior  qual¬ 
ity  devices.  In  addition,  there  is  poor  lattice 
matching  between  the  C'dTe  substrate  and  the 
MC'E  epilaycr  and  because  of  this,  alternative 
fabrication  routes  have  been  investigated.  One  of 
the  most  successful  is  the  use  of  Zn,Cd,  ,Te 
(ZCT)  crystals  as  substrates  on  which  to  grow  the 
MCT  devices  directly.  This  material  prrssesses 
similar  crystal  imperfections  to  CdTe.  but  when 
X  =  0.05,  the  ZCT  substrate  and  MCT  epilaycr 
are  lattice  matched  and  hence  far  fewer  defects 
will  propagate  from  the  interface  into  the  cpi- 
layer.  It  is  therefore  important  to  know  the  rate 
of  diffusion  of  zinc  in  CdTe,  and  to  study  the 
Zn-Cd-Tc  system  in  detail. 
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There  has  been  very  little  work  done  on  diffu¬ 
sion  in  the  Zn-Cd-Te  system,  the  most  impor¬ 
tant  being  that  of  Aslam  et  al.  [1],  Studies  on 
self-diffusion  in  ZnTe  [2]  and  on  self-diffusion  in 
CdTe  [3,4]  have  been  reported  extensively.  In  this 
paper,  the  diffusion  of  zinc  in  bulk  CdTe  at  8(K)°C 
is  reported,  and  the  effects  of  varying  the  dura¬ 
tion  of  the  diffusion  anneal  and  the  mass  of  the 
diffusion  source  are  examined.  Extensive  optical 
microscopy  studies  have  been  carried  out  on  the 
CdTe  slices  used,  both  before  and  after  diffusion, 
and  the  conclusions  will  be  discussed  in  this  pa¬ 
per. 


2.  Experimental  procedure 

Bulk-grown  CdTe  slices  of  approximate  size  8 
mm  X  8  mm  and  thickness  (1.8  mm  were  used  in 
this  study.  The  surfaces  of  the  slices  used  for 
diffusion  were  prepared  by  mechanical  polishing 
w  ith  successively  finer  grades  of  diamond  paste  (6 
pm.  1  pm.  1/4  pm)  followed  by  a  chemical 
polish  with  l^f  bromine  in  methanol  for  10  min. 
The  material  removed  in  this  procedure  (200  pm 
by  mechanical  polishing.  100  pm  by  etching)  was 
sufficient  to  remiwe  all  surface  damage  caused  by 
sawing  the  slices  from  the  boule.  A  CdTe  slice 
was  then  sealed  in  an  evacuated  silica  ampoule 
with  a  known  mass  of  radioactive  '"'Zn  foil. 

After  annealing  for  a  known  time  in  a  horizon¬ 
tal  tube  furnace  at  800°C.  the  concentration  of 
radioactive  zinc  atoms  in  'he  slice  was  measured 
by  sectioning  with  a  chemical  etch  of  1C  bromine 
in  methanol  [,3].  The  majority  of  the  diffusion 
profiles  obtained  possessed  two  distinct  compo¬ 
nents  and  were  fitted  using  a  computer  fitting 
programme  [6]  comprising  either  the  sum  of  two 
gaussian  functions  or  two  complementary  error 
functions.  The  former  funetkm  gave  the  best  fit 
when  the  mass  of  zinc  in  the  diffusion  source  was 
not  sufficient  to  maintain  a  saturated  vapour 
pressure  over  the  slice  throughout  the  diffusion 
(limited  source  conditions),  whereas  the  latter 
function  was  u.sed  when  .saturated  vapour  condi¬ 
tions  were  maintained  (infinite  source  conditions 
where  the  mass  of  zinc  was  greater  than  20  mg). 
In  certain  instances  where  the  mass  of  zinc  used 
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l  ip  I.  Typical  concentration  profiles  for  the  diffusion  of  zinc 
in  t'dl’e  at  StItfC.  (a)  Single  eomponent  profile  shossing  the 
gaussian  fit:  m  •-  I,7h2  mg.  r  -  4,S  h.  /)  -  4.(i4t)'  111  "  cm' 
s  *.  tbf  Double  profile  fitted  by  the  sum  of  two  gaussian 
functions:  m  =  s.2  mg.  i  =  1,3  h,  =  5.S(p  y  m 

s  '.  -  l.4<)7x  III  "  cm'  s  (el  Double  profile  fitted  b> 

the  sum  of  two  complementary  error  functions:  m  =  3 1  h  mg. 
r  =  24  h.  =  4.SI5X  |()  cm’  s  '.  ■■=  l.2|4v  III 

cm'  s 


was  low  (  <  2  mg),  a  single  gaussian  function  gave 
the  best  fit  to  the  experimental  data.  Typical 
diffusion  profiles  are  shown  in  Fig.  1.  The  varia¬ 
tion  of  D  with  the  duration  of  the  anneal  and 
with  the  ma.ss  of  zinc  in  the  diffusion  source  is 
shown  in  Figs.  2  and  3,  respectively. 
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Fig.  2.  (jraph  showing  the  variation  of  D  with  the  duration  of 
the  anneal:  (  )  for  m  =  S  mg;  (□)  0,|„»  for  m  =  S  mg; 
(  X  )  O  for  m  =  l.K  mg. 


3.  Surface  effects  of  diffusion  anneal 

On  many  occasions  after  the  anneal,  the  sur¬ 
face  of  the  CdTe  slice  was  covered  with  cracks  in 
a  regular  “lattice"  pattern,  as  shown  in  Fig.  4, 
which  were  still  present  when  the  surface  of  the 
slice  was  sectioned  in  the  measurement  of  the 
diffusion  profile.  The  cracks  became  more  appar¬ 
ent  and  penetrated  deeper  into  the  slice  when 
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Fig.  2.  Ciraph  showing  the  variation  of  D  with  mass  of  zinc  in 
the  diffusion  source  for  anneal  times  of  24  h  at  8()0°C'; 
(o)  //„,,;(□) 


Fig.  4.  Photograph  showing  the  surface  cracking  effects  after 
diffusion  with  zinc  (S  mg)  at  S(K)°C  for  1  h.  Magnification  is 


xll.S. 


the  mass  of  zinc  in  the  diffusion  .source  was 
increased.  In  addition,  as  the  sectioning  contin¬ 
ued.  the  action  of  the  etch  caused  the  cracks  to 
open  up  and  become  more  prominent,  although 
at  the  end  of  sectioning  fewer  cracks  remained. 
This  compares  with  the  slices  which  had  been 
diffused  with  a  low  mass  of  zinc  ( <  2  mg)  and 
where  a  single  diffusion  component  was  mea¬ 
sured,  where  far  less  cracking,  if  any,  was  ob¬ 
served. 

It  is  known  (I)  that  when  zinc  diffuses  into 
CdTe.  a  continuous  solid  solution  of  Zn  ,Cd ,  ,Te 
is  formed  for  all  values  of  x.  During  these  diffu¬ 
sions.  the  surface  of  the  slice  became  a  ternary 
alloy  with  x  approaching  0.8.  This  was  confirmed 
using  non-radioactive  zinc  as  a  source  and  investi¬ 
gating  the  surface  of  the  slice  using  a  scanning 
electron  microscope  (SEM)  with  energy  disper¬ 
sive  analysis  of  X-rays  (EDAX)  attachment.  The 
resulting  ZCT  surface  layer  has  properties  more 
akin  to  ZnTe,  with  a  reduced  lattice  parameter  of 
f)10  nm  compared  to  CdTe  whose  lattice  spacing 
is  648  nm.  and  also  a  different  coefficient  of 
thermal  expansion.  These  factors  could  be  re¬ 
sponsible  for  the  surface  cracking  effects,  due  to 
the  creation  of  regions  of  high  stress  within  the 
lattice,  between  the  ZCT  surface  layer  and  the 
remainder  of  the  CdTe  slice.  Aslam  et  al.  [1] 
reported  surface  cracking  effects  at  temperatures 
between  5.50  and  70()°C  with  a  pure  zinc  diffusion 
source  of  mass  approximately  .30  mg,  but  did  not 
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observe  these  effects  outside  this  temperature 
range  or  when  Cd  or  Te  was  added  to  the  diffu¬ 
sion  source  at  all  temperatures. 

It  is  thought  that  the  surface  cracking  occurs 
when  the  ampoule  is  removed  from  the  furnace 
and  cooled  to  room  temperature.  This  conclusion 
was  reached  after  examination  of  the  diffusion 
profiles  such  as  tho.se  in  Fig.  1.  If  the  cracks 
appeared  near  the  start  of  the  diffusion,  the  zinc 
would  be  expected  to  diffuse  via  these  short  cir¬ 
cuit  paths  and  penetrate  deep  into  the  slice  very 
quickly.  This  would  be  shown  on  the  resulting 
profile  as  a  long  diffusion  “tail”,  extending  deep 
into  the  slice  with  a  corresponding  high  value  of 
much  higher  than  those  measured.  The 
absence  of  thc.se  tails  in  the  profiles  suggests  that 
the  cracks  have  no  significant  effect  on  the  diffu¬ 
sion. 


4.  Quality  of  the  slices  used 

The  quality  of  the  material,  with  respect  to 
defect  density,  was  investigated  using  the  defect 
etch  Inoue  E-Agl  [7].  This  produced  etch  pits  on 
the  surface  which  were  investigated  using  an  opti¬ 
cal  microscope  with  either  differential  interfer¬ 
ence  contrast  or  Nomarski  attatchments,  the 


Fig.  .S.  Photograph  showing  the  sub-grain  structure  of  a  typical 
CdTe  slice  used  in  the  diffusion  experiments.  It  illustrates  the 
variation  in  etch  pit  density  across  the  slice,  along  with  the 
different  shaped  etch  pits,  indicating  different  orientations. 
Magnification  is  x 


shape  of  the  pits  being  dependent  on  the  orienta¬ 
tion  of  the  surface  [8].  A  typical  slice  is  shown  in 
Fig.  5  after  being  etched  for  1  min.  This  slice  is 
typical  of  those  used  as  it  possesses  sub-grains  of 
different  orientations,  it  contains  twins  and  sub¬ 
grains  which  are  shown  up  by  the  etch  as  triangu¬ 
lar  pits  of  different  shape  and  orientation.  The 
defect  density  of  the  slice  on  the  left-hand  side  of 
the  photograph  was  measured  as  2.1  X  10^  pits 
cm'-;  however,  the  density  on  the  right-hand 
side  is  too  large  to  measure  accurately  but  is 
>  10^  pits  cm  '  \  the  pits  are  clustered  together 
too  closely  to  differentiate  them  individually.  The 
band  of  less  dense  etch  pits  at  the  right  of  the 
photograph  is  a  twin  band  and  this  marks  the 
interface  between  the  two  sub-grains. 


5.  Discussion  and  conclusions 

The  values  of  the  diffusivities  at  8(M)°C  pre¬ 
sented  in  this  paper  are  in  good  agreement  with 
those  presented  by  Aslam  et  al.  [1]  =  5  x 

10'"  cm"  s"'  as  against  =  2  x  10  "  cm- 
s  ',  for  this  work  for  anneal  times  >  b  h  and  a 
high  mass  of  zinc)  who  obtained  profiles  of  both 
one  and  two  components,  depending  on  the  sec¬ 
tioning  method  used. 

Results  on  the  variation  of  D  with  time  t  for 
mass  w  =  8  mg  shown  in  Fig.  2  indicate  that  each 
profile  consists  of  two  components  and  that  the 
corresponding  values  of  D  decrease  rapidly  with 
increasing  t  for  f  <  b  h.  and  then  become  inde¬ 
pendent  of  t.  In  the  corresponding  results  for 
OT  =  1 .8  mg,  only  a  single  value  of  D  could  be 
resolved  from  the  profiles,  but  the  same  variation 
between  D  and  t  was  ob.serv'ed;  however,  the 
decrease  in  D  for  t  <  6  h  was  much  less  in  this 
case.  These  results  indicate  that  a  non-equi¬ 
librium  situation  exists  for  f  <  6  h,  whereas  the 
diffusion  becomes  independent  of  t  for  t  >  6  h. 

Results  on  the  variation  of  D  with  mass  for 
/  =  24  h  show  that  two-component  profiles  were 
obtained  except  for  the  profile  obtained  with  the 
smallest  mass  of  zinc  as  the  diffusion  source 
(w  =  1.8  mg),  where  only  one  value  of  D  could 
be  re.soivcd  in  the  computer  fitting.  It  can  be  seen 
that  is  virtually  independent  of  mass. 
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whereas  decreases  with  mass  to  become 

independent  of  mass  for  m  >  20  mg. 

The  results  reported  here  indicate  that  the 
types  of  diffusion  profiles  obtained  are  very  de 
pendent  on  the  mass  of  the  zinc  placed  in  the 
capsule.  The  rapid  variation  of  D  with  t  tor  i  <  6 
h  is  due  to  the  formation  of  the  ternary  com¬ 
pound  Zn,Cd|.,Te  with  .v  =  0.8  on  the  surface 
of  the  CdTe  slice,  and  the  thickness  of  this  layer 
is  related  to  the  amount  of  zinc  placed  in  the 
capsule  at  the  start  of  the  diffusion.  For  t  >  6  h, 
three  distinct  differences  can  be  seen; 

(a)  For  m  <  2  mg.  the  thickness  of  the  ternary 
lave;  is  so  thin  that  it  does  not  affect  the  diffusion 
in  any  w;iy  or  possibly  no  layer  is  formed.  Diffu¬ 
sion  is  due  to  zinc  atoms  diffusing  from  the 
v;ipour  phase  directly  into  the  CdTe  giving  a  one 
component  profile  possessing  a  gaussian  shape, 
indicating  that  "limited  source"  conditions  apply. 

(b)  For  2  '  w  <  2(1  mg,  two  component  profiles 
are  obtained  which  are  fitted  best  by  the  sum  of 
two  gaussian  functions  indicating  that  the  diffu¬ 
sion  is  still  "source  limited",  and  where  the  value 
of  .1  will  decrease  during  the  diffusion.  The  ma¬ 
jority  of  the  diffusion  measurements  were  made 
in  this  region  ;md  it  is  suggested  that  diffusion  is 
occurring  vi;i  two  different  mechanisms;  one  from 
the  vapour  phase  ( )  as  described  in  (a), 
which  is  dependent  on  in,  and  a  second  which  is 
an  interdiffusion  between  the  ZCT  layer  and  the 
Cd  Te  slice  (  D,  ).  which  is  independent  of  ni. 

(c)  For  III  >  20  mg.  again  two  component  profiles 
are  seen,  and  a  function  c;>mposcd  of  the  sum  of 
two  complementary  error  functions  gives  the  best 
fit  to  the  data  indicating  that  "infinite  source" 
conditions  apply,  with  negligible  source  dilution 
occurring  during  the  diffusion.  Flere  ttgain  the 
two  diffusion  mechanisms  described  in  (b)  arc- 
operating, 


The  suggestion  given  above,  that  is  ;i 

measure  of  the  rate  of  diffusion  of  zinc  atoms 
from  the  vapour  into  the  ZCT  ternary  layer  on 
the  surface  of  the  slice,  is  borne  out  by  other 
published  data  on  diffusion  at  8()(FC2  When  in 
0,  1  X  10  cm'  s  '  which  is  the  rate  of 

diffusion  of  zinc  in  CdTe  in  a  negligible  concen¬ 
tration  gradient,  and  this  compares  favourably 
with  the  value  for  the  self-diffusion  of  Cd  in 
CdTe  [,^].  At  the  other  end  of  the  scale,  when 
m  -» .'^0  mg,  ^  4  X  10  cm'  s  ',  which  is 
a  measure  of  the  rate  of  diffusion  of  zinc  in 
Zn||xCd||-Te  in  the  absence  of  a  concentration 
gradient,  which  again  compares  hivourablv  with 
the  value  of  .4  X  10  ’’  cm’  s  '  published  by 
Reynolds  and  Stevenson  [2]  for  the  self-diffusion 
of  zinc  in  ZnTe  at  800“C. 
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Abstract 

Initial  studies  on  the  diffusion  of  iodine  into  CdTe  are  described.  Diffusion  anneals  were  carried  out  at  selected 
temperatures  in  the  range  between  20  and  27(I'’C  in  evacuated  silica  ampoules  using  ;i  diffusion  source  of  either 
elemental  iodine  or  Cdlj,  both  under  saturated  vapour  pressure  conditions.  The  concentration  profiles  were 
measured  using  either  a  radiotracer  sectioning  technigue  or  secondary  ion  mass  spectrometry  (SIMS).  The  profiles 
were  found  to  be  composed  of  four  parts  to  which  a  computer  package  consisting  of  the  sum  ol  four  complementary 
error  functions  (erfc)  gave  satisfactory  fits  to  the  data.  The  fastest  diffusing  component  gave  values  of  the  diffusivity. 
which  agreed  with  previously  published  data.  Proposals  explaining  how  this  type  of  diffusion  may  occur  are  given, 
but  the  results  indicate  that  iodine  diffused  into  CdTe  from  the  vapour  is  not  suitable  as  a  linig  term  sttible  dopant  in 
devices  where  sharp  junctions  are  reguired. 


1.  Introduction 

The  II- VI  group  of  semiconducting  com¬ 
pounds  has  been  recognised  as  being  important 
since  they  offer  a  range  of  materials  whose  en 
ergy  gaps  span  the  entire  visible  spectrum  [1],  and 
whose  optical  conversion  efficiencies  are  very  high 
[2].  Although  the  II-VI  compounds  have  been 
investigated  e.xtensively  for  many  years,  their  con¬ 
siderable  potential  has  not  been  fully  realized 
because  of  difficulties  involved  in  their  growth. 

The  ability  to  prepare  doped  p-n  epitaxial 
structures,  such  as  in  the  fabrication  of  (Hg, 
Cd|  ,)Te  devices,  is  an  essential  requirement  if 
some  of  the  new  developments  in  infrared  photo- 
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voltaic  detectors  are  to  be  realised  in  practice. 
The  location  of  the  doped  region  must  be  well 
defined  within  the  structure  and  the  concentra¬ 
tion  of  the  active  impuiities  has  to  be  eontrivlled 
accurately.  Despite  advances  in  material  technol¬ 
ogy.  it  remains  a  difficult  task  to  control  the 
conductivity  and  to  maintain  a  stable  junction  in 
the  device.  The  criteria  required  for  such  dvipants 
have  been  discussed  by  Haston  et  al.  [.^].  Conse¬ 
quently  it  is  vital  that  the  rates  of  diffusion  of 
these  dopants  through  the  host  material  are 
known  so  that  the  most  suitable  one  can  be 
selected  for  a  particular  device.  Very  often  diffu¬ 
sion  rates  are  measured  using  radioactive  tracer 
sectioning  techniques  [4]. 

Currently  indium  is  the  most  widely  used  n-type 
dopant  in  CdTe  and  (Hg,Cd|  .Vl'e.  but  it  is  a 
fairly  fast  diffusant  (1 17exp(  ~  2.21  eV/C  /'l  enr 
s  '  al  />^^|(sat)  [.‘v]).  In  contrast  to  indium,  the 
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halogens  are  expeeted  to  reside  on  anion  sites.  As 
it)dine  is  the  largest  of  the  group  of  elements 
eomprising  the  halogens,  it  is  expected  to  be  the 
least  su.sccptible  to  diffusion  [6].  Further  it  is  the 
least  reactive  of  the  halogens  and  consequently 
the  least  likely  to  form  compounds  with  Cd.  Very 
little  is  known  about  the  rates  of  diffusion  of 
iodine  in  CdTe  and  a,s,sociated  ternary  com¬ 
pounds.  Gorodetskii  et  al.  [7]  measured  the  rates 
of  diffusion  of  iodine  and  indium  in  CdTe  by 
investigating  the  changes  in  electrical  conductivity 
of  the  slices  which  had  been  doped  by  ion  bom¬ 
bardment  and  calculated  the  diffusion  parame¬ 
ters  for  iodine  at  a  temperature  of  2()0°C,  which 
gave  the  following  Arrhenius  relationship; 

D  =  10  cxp[  -(0.4  ±  0.1  eV)/A.T]  cm’ s  '. 

Measurement  of  the  concentration  profile  pro¬ 
vides  information  on  the  shape  of  the  diffusion 
profiles,  and  in  particular,  about  the  fast  diffu¬ 
sion  components  which  arc  common  in  11-VI 
semiconductors  and  may  affect  the  electrical  per¬ 
formance  of  the  semiconductor  devices  in  a  detri¬ 
mental  manner. 


2.  Experimental  techniques 

Bulk  grown  Cd  I'e  wafers  and  epitaxial  layers, 
thickness  I0-I,s  ^m.  which  had  been  grown  on 
CdTe  substrates  by  liquid  phase  epita.xy.  were 
used  in  this  investigation.  .Single  crystal  slices 
(about  8  mm  X  8  mm  x  0.(18  mm)  were  cleaved 
out  of  polycrystaliine  wafers  and  polished  to  min¬ 
imize  the  effect  of  surface  damage  on  the  diffu¬ 
sion.  This  was  done  using  either  mechanical  pol¬ 
ishing  with  fine-grade  diamond  (1/10 
bromine  etching  ( K7  bromine  in  methanol)  and 
in  this  process  a  total  thickness  of  between  100 
and  2(KI  /am  was  removed  from  the  surface  of 
each  slice. 

Four  diffusion  anneals  were  carried  out  at 
selected  temperatures  in  the  range  20  to  270°C  in 
evacuated  silica  capsules  under  saturated  vapour 
pressure  conditions  using  either  elemental  iodine 
or  CdC  as  the  diffusion  source.  The  diffusions 
were  carried  out  under  isothermal  conditions  in 
an  electric  furnace.  It  has  been  reported  (8]  that 


it  is  not  possible  to  use  elemental  iodine  as  a 
diffusion  source  at  temperatures  above  1()()°C  as 
the  iodine  reacts  with  the  CdTe  in  the  surface  of 
the  slice  even  when  elemental  Cd  is  placed  in  the 
capsule  along  with  the  iodine,  subsequently  Cdl , 
was  used  as  diffusion  source. 

For  the  radiotracer  diffusions  the  radioactive 
isotope  '-'I,  which  is  a  fission  product  with  a 
half-life  of  60  days  [0],  was  obtained  in  NaOFI 
solution.  Cdl,  was  produced  directly  using  the 
reaction  [10]: 

CdSO^  -H  2  Nal  ^  Cdl,  +  Na,SO,. 

The  iodine  concentration  profiles  were  mea¬ 
sured  using  either  radiotracer  sectioning  at 
Coventry  University  when  radioactive  iodine  was 
used  as  a  diffusion  source,  or  using  secondary  ion 
ma.ss  spectrometry  (SIMS)  at  DRA.  Malvern, 
when  non-radioaetive  iodine  was  used.  In  the 
case  of  the  radiotracer  sectioning,  a  combination 
of  anodic  oxidation  (section  thickness;  ().(H)6-().2 
nm  to  a  depth  of  2  /am'  mid  bromine  etching 
(section  thickness:  ()..7-.S  /am  to  a  depth  of  .70 
/am)  was  used  on  CdTe  slices  possessing  a  mesa 
structure  [1 1].  The  iodine  concentration  was  mea¬ 
sured  directly  using  a  liquid  scintillation  counter. 


3.  Results  and  discussion 

The  details  of  four  diffusion  anneals  reported 
here  are  given  in  Table  I  along  with  the  relevant 
diffusion  parameters,  which  were  obtained  from 
the  diffusion  profiles.  Two  diffusions  were  car¬ 
ried  out  at  elevated  temperatures  (run  B.  shown 
in  Fig.  2  at  27()°C  and  run  D  at  87“C)  and  two  at 
ambient  temperatures  (run  A,  shown  in  Fig.  1 
and  run  C.  both  at  2()°C).  The  shape  of  each  of 
the  profiles  can  be  divided  up  into  four  distinct 
regions  and  each  profile  can  be  de.scribed  mathe¬ 
matically  by  a  function  consisting  of  the  sum  of 
four  complementary  error  functions  (erfc)  giving 
four  values  for  the  diffusivity.  one  for  each  part 
of  the  profile.  The  four  parts  to  each  profile  can 
be  clearly  distinguished  in  Figs.  1  and  2. 

The  corresponding  values  of  the  diffusivities 
for  the  four  diffusion  measurements  have  been 
plotted  on  an  Arrhenius  graph  in  Fig.  .7  along 
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Table  1 

Diffusion  details  and  diffusion  parameters  (ef.  Fig. 
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with  the  Arrhenius  expression  reported  by  cm’  s  '  at  2()'’C'  indicate  that  when  iodine  is 

Gorodetskii  et  al.  [7].  which  has  been  extrapo-  diffused  into  CdTe  from  the  vapour,  it  is  not 

lated  down  to  ZdT.  It  can  be  seen  that  the  suitable  as  a  lonjt  term  stable  dopant  in  devices 

diffusivities  reported  here  for  each  of  the  fastest  where  sharp  junctions  are  required, 

components  agree  closely  with  the  results  of  When  comparing  the  diffusivities  D,.  D,  ;ini) 

Gorodetskii  et  al.  [7],  who  reported  an  activation  D,  for  the  four  profiles,  it  can  be  seen  in  I'ig.  .s 

energy  of  (1.4  ±  0.1  eV.  In  addition,  it  can  be  seen  that  the  results  obtained  from  the  diffusions  ear- 

that  an  activation  energy  of  this  value  for  the  l)^  ried  out  using  a  Cdl  >  diffusion  source  (runs  B,  C 

component  along  with  a  diffusivity  value  of  10  '''  and  D)  are  reasonably  consistent,  giving  aetiva- 


0  5  10  15  0  o.s  1  1.5 
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f  ig.  1 .  A  lypica!  concenlratuin  prtifilc  for  the  diffusion  of  iodine  into  C'dTc  (run  A)  which  has  been  diffused  under  saturated  vapour 
pressure  conditions  using  elemental  iodine  at  ambient  temperature  (2(rC').  The  profile  was  measured  using  SIMS.  The  three 
deeper  components  are  shown  in  (al  and  the  first  two  components  are  shown  under  increased  resolution  in  (b) 
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Kig.  2.  A  (ypical  concentratKm  profile  for  the  cii/lusi<m  of  iodine  into  CdTe  (run  B)  which  has  been  diffused  under  salurjled  vapour 
pressure  conditions  using  C’dl.  as  the  diffusion  source.  The  profile  was  measured  using  RTS  sectioning.  The  four  components  arc 
shown  in  (a)  and  the  first  two  components  are  shown  with  increased  resolution  in  (b). 


tiim  energies  whieh  are  close  to  the  value  of  0.4 
eV  reported  by  Gorodetskii  et  al.  [7].  This  con¬ 
trasts  with  the  two  diffusions  carried  out  at  20°C 
in  which  the  diffusivities  from  run  A.  where  an 
elemental  iodine  source  was  used,  are  consis¬ 
tently  higher  than  the  diffusivities  from  run  C 
where  a  Cdl.  source  was  used. 

Whereas  the  diffusivities  gave  reasonably  con¬ 
sistent  results,  there  is  a  much  wider  spread  in 


G  : 

V  ; 


f  ig.  An  ArrheniuN  graph  showing  a  compari.stui  between 
the  values  of  the  diffusivities  obtained  in  this  investigation 
With  the  results  obtained  by  Ciorodetskii  et  al.  [7):  (  a  )  run  A; 
( IJ  )  run  B;  (  v  )  run  C  ;  (  )  run  D.  The  diffusion  details  and 
parameters  obtained  from  the  profiles  are  presented  in  Table 
I. 


the  values  of  C,,.  which  was  possibly  due  to 
uncertainties  in  the  experimental  calibration  of 
the  two  measuring  techniques,  radiotracer  sec¬ 
tioning  (RTS)  and  SIMS,  or  to  variations  in  the 
quality  of  the  CdTe  used  for  the  diffusions.  It  is 
important  to  point  out  that  the  Cm  values  are 
e.\cecdingly  high  (l()-'-l()--  cm  T  in  all  runs, 
which  could  possibly  be  due  to  a  layer  of  Cdl  . 
forming  on  the  surface  of  the  CdTe  during  the 
diffusion. 

Values  of  the  diffusivities  and  the  surface  con¬ 
centrations  can  be  compared  directly  in  runs  B.  C 
and  D  where  Cdl,  was  used  as  the  diffusion 
source  in  all  three  eases  and  all  the  profiles  were 
obtained  using  the  RTS  technique.  The  use  of 
epitaxially  grown  material  in  run  D  gave  values  of 
the  diffusivity  whieh  were  consistent  with  those  in 
runs  B  and  C.  where  bulk  material  was  used,  but 
the  value  of  the  surface  concentration  in  run  D 
was  much  lower  than  for  corresponding  values  in 
riins  B  and  C.  In  addition,  the  value  of  £>,  in 
runs  B  and  C,  where  the  slices  were  prepared 
using  bromine  etching  and  mechanical  polishing, 
respectively,  gave  values  which  were  in  agreement 
with  run  D,  where  an  epitaxially  grown  slice  was 
used.  This  implies  that  the  method  used  in  the 
prediffusion  preparation  had  no  significant  effect 
on  the  diffusion  profile. 

The  cKcurrence  of  two  component  diffusion 
profiles,  particularly  in  II-VI  semiconductors,  is 
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common  and  several  explanations  have  been  pro¬ 
posed  including  the  following.  They  have  been 
ascribed  to  interstitial-substitutional  mechanisms 
in  impurity  diffusion  [12],  whereas  in  isoconeen- 
tration  and  self-diffusion  the  second,  faster  com¬ 
ponent  is  due  to  short  circuit  paths  (e.g.,  disloca¬ 
tions  or  subgrain  boundaries)  [l.f]  or  chemical 
diseguilibrium.  The  occurrence  of  four  compo¬ 
nent  diffusion  profiles  is  a  new  phenomena  and 
could  be  caused  by  one  or  several  of  the  following 
factors: 

(a)  A  feature  of  the  experimental  technique.  In 
the  experiments  described  here,  where  the  iodine- 
diffusion  at  low  temperatures  was  fast,  the  iodine 
is  diffu.sed  into  the  slice  directly  from  the  vapour, 
V  ncteas  when  iodine  is  used  in  device  fabrication 
and  is  thought  to  be  a  relatively  slow  diffuser  [14]: 
the  iodine  is  deposited  directly  into  lattice  sites 
during  epita.xial  growth. 

(b)  Pipe  diffusion  along  line  defects  such  as  dis¬ 
locations  forming  localised  regions  of  high  iodine 
concentrations.  It  is  possible  that  the  iodine  atoms 
diffuse  along  these  pipes  and  collect  at  centres, 
which  act  as  sinks,  then  the  iodine  may  rediffuse 
radially  out  from  these  centres  through  the  lat¬ 
tice.  These  centres  could  be  impurity  atoms  that 
segregate  out  during  crxstal  growth,  precipitates 
or  regions  of  high  strain.  Shcherbak  et  al.  [I.‘'] 
observed  the  occurrence  of  amorphous  inclusions 
in  CdTe  which  were  possibly  associated  with  lat¬ 
tice  strain  and  the  formation  of  dislocations. 

(c)  A  surface  layer  of  a  different  identity.  The 
profiles  indicate  that  the  surface  of  the  diffused 
slices  contained  high  concentrations  of  iodine.  In 
spite  of  the  fact  that  it  was  not  pvissible  tr)  ob¬ 
serve  such  layers  visually  after  the  diffusion  an¬ 
neal,  such  a  layer  which  might  have  been  a  sepa¬ 
rate  compound  t)r  complex,  may  have  formed 
during  the  diffusiv)n.  This  would  have  possibly 
resulted  in  two  separate  diffusion  processes,  one 
from  the  vapour  and  the  second  from  the  surface- 
layer,  each  contributing  to  a  double  profile. 

4.  Conclusion.s 

Diffusion  measurements  are  still  being  under¬ 
taken  on  this  project,  but  the  following  conclu¬ 


sions  can  be  drawn  from  the  wx)rk  completed  to 
date; 

(a)  When  iodine  diffuses  into  Cd  I'c.  four  compo¬ 
nent  profiles  are  produced  and  a  function  com¬ 
posed  of  the  sum  of  ft)ur  complementarv  error 
functions  gives  satisfactory  fits  to  the  experimen¬ 
tal  data. 

(b)  Iodine  diffuses  into  Cd  I'e  at  20'C. 

(c)  During  the  diffusion,  the  concentration  of 
iodine  in  the  surface  of  the  Cdle  slice  ;ip- 
proaches  that  of  Cd  or  Te  in  CdTe. 

(d)  The  results  indicate  that  iodine  diffused  inti> 
CdTe  from  the  vapour  is  not  suitable  as  a  long¬ 
term  stable  (U)pant  in  devices  where  sharp  junc¬ 
tions  are  required. 
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Abstract 

Interactions  between  In  donors  and  Ag,  Cu  and  acceptor-like  nati\e  defects  have  been  studied  in  p-  and  n-type 
CdTe  single  crystals  by  perturbed  angular  correlation  (PAC)  spectroscopy  on  '"In  probe  atoms.  Silver  diffusion  into 
the  p-type  samples  at  riHim  temperature  results  in  the  formation  of  a  distinct  complex  characterized  by  an 
interaction  frequency  eQV.,^/h  =  60.1  MHz  and  an  asymmetry  parameter  rj  =  0.15.  At  room  temperature  the  relative 
fraction  of  this  complex  increases  within  a  few  hours  and  decreases  with  a  significantly  longer  time  constant.  After 
copper  doping,  a  similar  complex  with  57.5  MHz  and  t?  =0.16  was  observed  which,  however,  did  not  show  any 
decrease.  The  observed  behaviour  is  explained  by  fast  diffusion  of  Ag  (or  Cu)  via  an  interstitial  mechanism  and  the 
interaction  with  cation  vacancies.  Finally,  In-Ag  (or  In-Cu)  complexes  are  formed. 


1.  Introduction 

Ihe  li-VI  semiconductor  CdTe  has  recently 
received  increasing  attention  because  of  promis¬ 
ing  applications  in  optoelectronic  devices,  as  radi¬ 
ation  detectors  and  as  material  for  solar  cells.  It 
can  be  obtained  with  either  n-  or  p-type  conduc¬ 
tivity.  The  controlled  doping,  however,  depends 
strongly  on  deviations  from  stoichiometry  during 
growth,  as  well  as  on  the  nature  and  concentra¬ 
tion  of  residual  impurities.  Highly  resistive  semi- 
insulating  samples  can  be  produced  by  doping 
p-type  grown  crystals  with  n-type  impurities.  De¬ 
spite  the  intensive  rc.scarch,  details  of  this  .self- 
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compensation  mechanism,  as  well  as  of  impurity 
interactions  in  general,  are  still  unknown  or  are 
discussed  controversially. 

In  the  present  paper  we  have  studied  the  in¬ 
teraction  of  indium  donors  and  native  acceptors 
like  Vj  j.  Main  emphasis  was  put  on  the  influence 
of  additional  Ag  and  Cu  impurities,  which  inter¬ 
act  strongly  with  the  cation  vacancies  [1,2]. 

The  complex  formation  has  been  studied  by 
perturbed  angular  correlation  (PAC)  spec¬ 
troscopy.  By  this  nuclear  technique,  formation, 
local  atomic  and  electronic  structure,  as  well  as 
thermal  stability  of  complexes  are  studied  directly 
on  an  atomic  .scale.  Previous  PAC  studies  on 
CdTe  were  reported  on  ion-implanted  samples 
[3],  on  n-type  materials  [4]  and  on  In(  ^,-V(y  pairs 
in  p-type  crystals  [5,6]. 
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2.  Experimental  details 

The  PAC  method  is  based  on  the  observation 
of  the  defect  specific  electric  charge  distribution 
in  the  neighbourhood  of  the  radioactive  probe 
atom  characterized  by  the  traceless  tensor  V  of 
the  electric  field  gradient  (EFG),  The  compo¬ 
nents  are  deduced  from  the  recorded  PAC 
time  spectra  R(i).  The  largest  component  K,  is 
usually  expressed  by  the  quadrupole  coupling 
constant  =  eQV../h.  where  Q  is  the  nuclear 
quadrupole  moment.  The  other  components  are 
combined  to  the  asymmetry  parameter  rj  =(C, , 
-  f''  ,  )/K-  with  1  >  17  >  0.  For  an  axially  sym¬ 
metric  EFG  (i.e.  T)  =  0)  and  nuclear  spin  /  =  5/2, 
Ty  is  related  to  the  basic  modulation  frequency 
w,,  by  =  (10/,'l7r)t<j||.  The  relative  fraction  /(i) 
of  probe  atoms  decorated  with  a  specific  defect 
complex  (i)  and  the  orientation  of  the  associated 
EFG(i)  can  be  extracted  directly  from  the  modu¬ 
lation  patterns.  Furthermore,  a  damping  of  the 
time  spectra  gives  information  on  remote  defects 
or  dynamic  processes  [7,8].  A  general  description 
of  the  PAC  method  is  given  in  ref.  [9],  and  details 
especially  for  applications  to  semiconductors  can 
be  found  in  refs.  [10,1  Ij. 

In  the  present  experiment,  the  PAC  measure¬ 
ments  were  performed  at  the  isomeric  5/2"  level 
of  '"Cd,  which  is  populated  by  the  EC  decay  of 
'"in  with  a  half-life  of  2.8  days.  Therefore  the 
trapping  and  detrapping  of  impurities  or  defects 
is  governed  by  the  electronic  properties  of  indium 
donors,  whereas  the  EFG  is  measured  at  cad¬ 
mium  atoms,  which  are  no  longer  impurities. 


The  samples  of  CdTe  single  crystals  were 
doped  with  "'In  probe  atoms  by  diffusion  be¬ 
tween  700  and  800°C.  After  the  PAC  experi¬ 
ments,  the  indium  profile  was  measured  by  the 
sequential  etching  of  the  orginal  samples;  in  the 
p-type  crystals  (diffusion  depth  around  100  /xm) 
the  concentrations  were  10''*  ln/cm\  and  in  the 
n-type  sample  2  x  HP'  In/cm'. 

The  non-stoichiometry  of  the  p-type  samples 
was  controlled  by  performing  the  In  diffusion  in 
tellurium-rich  vapour  maintained  by  an  addi¬ 
tional  CdTeiTe  source  according  to  the  three- 
phase  equilibrium  at  the  respective  temperature. 
An  overall  hole  concentration  in  the  order  of  10"’ 
cm  '  was  achieved,  which  was  checked  by  con¬ 
ductivity  measurements.  The  n-type  sample  was 
pre-annealed  for  several  days  with  a  cadmium-rich 
additional  CdTe  :  Cd  source.  After  the  heat  treat¬ 
ment,  all  samples  were  quenched  to  room  tem¬ 
perature  within  a  few  seconds. 

The  doping  with  silver  was  performed  at  rtx)m 
temperature  by  dipping  the  samples  into  a  IG 
aqueous  solution  of  AgNO,  for  .50  s  followed  by 
rinsing  in  distilled  water.  For  the  copper-doping 
an  analogous  proce.ss  was  used  (lOG  aqueous 
solution  of  CuSOj  for  80  s  at  ,570  K).  The  charac- 
leri.stic  data  of  the  samples  arc  listed  in  Table  1. 


3.  Results  and  discussion 

The  results  of  the  present  PAC  measurements 
depend  strongly  on  the  type  of  the  sample  and  on 
the  annealing  conditions;  an  influence  of  the  crys- 
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Characteristic  data  of  the  samples  used  in  the  present  investigation;  sample  U  was  doped  with  Cu,  all  other  samples  were  doped 
with  Ag  after  the  indium  diffusion 
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tal  orientation  has  not  been  observed.  After  the  of  the  quenching  process.  In  all  p-type  crystals, 

diffusion  process,  the  "'In  atoms  are  expected  to  the  following  doping  with  silver  or  copper  signifi- 

occupy  substitutional  Cd  sites.  Without  additional  cantly  changed  the  observed  modulation  patterns, 

defects,  the  cubic  zincblende  structure  is  charac¬ 
terized  by  a  vanishing  EFG  at  this  lattice  site,  3.1.  n-Type  material  (sample  K) 
resulting  in  unmodulated  PAC  spectra.  Indeed, 

this  has  been  observed  for  samples  F,  G,  I,  K  and  Here  the  PAC  spectra  did  not  show  any  modu- 

L  (see  Table  1).  Samples  H  and  M  exhibit  a  lation  either  before  or  after  silver  doping,  or  after 

strong  modulation  directly  after  the  diffusion  pro-  different  annealing  conditions.  This  result  indi- 

cess,  indicating  the  formation  of  a  complex  in-  cates  that  no  defect  or  impurity  was  trapped  at 

volving  indium  atoms.  This  difference  may  be  the  indium  donor.  It  can  be  explained  in  a 

caused  by  the  different  annealing  times  (sum-  straightforward  manner  if  one  assumes  the  cation 

marized  in  Table  1).  Shorter  annealing  times  vacancy  -  they  are  believed  not  to  be  present 

could  result  in  incomplete  Te  saturation  and  a  in  n-type  material  -  to  be  the  necessary  condition 

lower  Cd-vacancy  concentration  in  these  samples.  for  a  complex  formation  with  the  In  atoms.  Our 

Since  native  vacancies  are  very  mobile  at  higher  result  agrees  with  the  data  reported  by  Wolf  et  al. 

temperatures,  a  further  reason  for  the  observed  [5]  who  did  not  observe  complexes  in  samples 

results  may  be  due  to  slightly  different  conditions  annealed  under  Cd  overpressure  either. 


TIMH  n5  FRi  OOCNO  I  Mrad  s  , 

Fig.  I.  PAC  time  spectra  (left  side)  and  the  corresponding  Fourier  tran.sforms  of In  in  CdTe  single  crystals  at  room  temperature: 
(a)  after  indium  diffusion  (samples  F,  G,  1.  K  and  L);  (b)  before  and  (c)  2  h  after  Ag  doping  of  sample  H:  (d)  after  doping  with  Cu 
(sample  L). 
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Fig.  2.  Time  dependence  ot  the  concentration  ol  complex 
/( 1 ).  The  data  of  sample  M  have  been  normalized  to  the 
fraction  of  sample  G  (at  long  annealing  times). 

.?.2.  p-Type  material  (samples  F,  G,  /  and  L) 

Here,  after  the  In  diffusion,  the  EFG  at  all 
indium  atoms  is  zero  (see  Fig.  la),  as  expected  for 
an  In(  j  lattice  site  with  unperturbed  surround¬ 
ings.  After  silver  doping  at  room  temperature,  a 
distinct  complex  /(I)  is  formed  (Fig.  Ic)  charac¬ 
terized  by  the  coupling  constant  Cy,  =  60.1(3) 
MHz  and  the  asymmetry  parameter  rj,  =0.15(4) 
(at  T  =  295  K).  The  fraction  /(I)  of  this  complex 
increases  with  a  time-constant  of  t,  =  2  h  and 
then  decreases  with  a  significant  longer  time  con¬ 
stant  Tj  =  20  h,  as  shown  in  Fig.  2  (sample  G). 

These  trapping  and  “detrapping"  processes  can 
be  frozen  in  by  storing  the  sample  at  77  K: 
sample  I  was  stored  alternatively  at  room  temper¬ 
ature  and  at  77  K.  The  dependence  of  /(I)  on 
time  agrees  exactly  with  that  observed  for  the 
other  samples  if  the  storage  time  at  77  K  is 
ignored. 

Combining  these  data,  the  formation  of  com¬ 
plex  /(I)  obviously  requires  the  presence  of  V(  j 
and  Ag  impurities.  The  important  first  step  is 
certainly  the  defect  reaction 

V(  o  + Ag, -*Ag(.,,. 

which  had  been  identified  by  the  enhancement  of 
the  (A",  X)  line  in  PL  spectra  [2].  We  propose  (he 
observed  complex  /(I)  -  with  t'y  =  60.1  MHz  and 
17  =  0.15  -  to  be  due  to  the  trapping  of  Ag^  j 
acceptors  by  the  indium  donors  resulting  in  an 
In,  ,|-Ag(  j  configuration.  Within  this  picture  the 


observed  slow  decrease  of  /( 1 )  can  be  explained 
by  the  trapping  of  a  second  silver  atom  (at  about 
1/3  of  the  In,  j-Ag,  j  pairs): 

(Infd-Agca)  +  Ag,<-»  ln(.,|-(Ag,  j-Ag,)". 

As  the  Ag,  j-Ag,  pair  close  to  the  In,  j  donor  is 
expected  to  be  neutral  and  lattice  relaxations  arc 
expected  to  be  small,  the  EFG  at  the  In,  j  site  is 
expected  to  be  negiglibly  small  and  below  the 
detection  limit  of  the  PAC  spectroscopy.  Thus, 
the  trapping  of  the  second  Ag  atom  does  not 
result  in  a  new  modulation  of  the  PAC  spectra,  in 
agreement  with  the  experiment.  The  trapping  of 
this  additional  Ag  atom  proceeds  slowly  (-,,)  and 
seems  to  saturate  after  decorating  about  1  /3  of 
the  In,  j-Ag,  J  pairs.  The  binding  energy  should 
be  small,  since  the  fraction  /(I)  of  the  In,  j-Ag,  j 
pairs  can  be  increased  again  by  a  moderate  an¬ 
nealing  at  only  373  K,  i.e.  the  bound  Ag,  atom  is 
split  off  easily. 


<  I 


..  .  :  i  ..  ,  .  -I 

(I  HH»  2<H) 

I  Kl  (Jl  I  N(  >  (  Mrady  s  ) 

Fig.  2.  Conversion  of  fractions  /(I)  and  f(2)  observed  at 
sample  M;  before  (upper  part),  0.8  h  (middle)  and  2..^  h  (lower 
part)  after  Ag  doping. 
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After  copper-doping  (sample  L,  see  Fig.  Id)  a 
similar  complex  f(2)  was  formed,  characterized 
by  MHz  and  tj,  =  0.16,  whose  fraction 

increases  slowly  with  time  at  room  temperature. 
The  essentially  identical  hyperfine  parameters  in¬ 
dicate  an  analogous  ln(.j-CU(-j  complex.  The 
mi.ssing  decrease  of  the  fraction  /(2)  at  longer 
times  may  be  due  to  a  significantly  lower  concen¬ 
tration  of  copper  impurities  or  a  negligibly  small 
binding  energy  of  CU|  to  the  ln(^  j-Cu^.j  complex. 

.l.f.  p-Type  material  (samples  H  and  M) 

Here  the  indium  diffusion  was  performed  for 
longer  times  and  with  excess  source  material. 
Subsequently  they  showed  a  distinct  modulation 
/(,"))  in  the  PAC  spectra  with  significantly  differ¬ 
ent  EFG  parameters:  =  40.3  MHz  and  77,  = 

0.32  (sec  Fig.  lb).  After  Ag-doping,  this  complex 
converts  within  a  few  hours  into  the  known  /(I) 
complex,  as  demonstrated  clearly  in  Fig.  3.  The 
most  straightforward  interpretation  is  the  assign¬ 
ment  of  the  40.3  MHz  configuration  to  an  ln,.j- 
V(  j  complex,  the  well-known  A-centre  (12], 

4.  Conclusion 

The  formation  of  complexes  between  substitu¬ 
tional  In^  j  donors  and  acceptor-like  defects  as 
V(  j,  Agj.j  and  CU(  j  has  been  observed  in  p-type 
CdTe.  The  present  experiment  reveals  details  of 
the  trapping  process  of  silver  atoms;  a  first  “fa.st" 
step  results  in  the  formation  of  Inj  j-Ag(,,  pairs. 


The  second  "slow"  step  involves  an  additional 
Ag|  atom  forming  a  neutral  (Ag,  j-Ag,)"  com¬ 
plex.  still  bound  to  the  Inj,,  donor. 
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Lattice  location  of  N  atoms  in  heavily  N-doped  ZnSe  studied 
with  ion  beam  analysis  and  its  implication  on  deep  level  defects 
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Abstract 

Molecular  beam  epitaxially  grown  ZnSe  doped  with  ''N  as  high  as  1.5  x  lO'"  cm  '  is  eharacteri/ed  by  means  of 
ion  beam  analysis  technique.  Resonant  nuclear  reaction  of  '’Nip.  oyl'-C  is  utilized  to  detect  ''N.  while  particle 
induced  X-ray  emission  (PIXE)  is  detected  to  get  insight  into  the  effect  of  N-doping  on  the  lattice  location  of  Zn  and 
Se  atoms.  It  is  demonstrated  that  the  incorporated  N  atoms  are  ItKatcd  at  the  substitutional  sites  and  that  both  Zn 
and  Se  atoms  are  located  at  the  substitutional  sites.  The  results  suggest  that  the  carrier  compensation  in  heavily 
N-doped  ZnSe  is  not  caused  by  such  donors  as  N,„,  or  N^^.-Zn„„.  but  by  complex  defects  which  include  donor-type 
complexes  such  as  N,,^.-Zn-V,,^.  and/tir  It  is  also  suggested  that  a  cluster  of  such  as  (N\^. )„-Zn  may 

play  a  role  as  a  deep  acceptor. 


I.  Introduction 

A  plasma  source  is  frequently  used  for  nitro¬ 
gen  doping  of  ZnSe  by  molecular  beam  epitaxy 
(MBE).  To  date  the  highest  net  acceptor  concen¬ 
tration  (/y.y-V,,)  using  nitrogen,  is  about  I  x 
10"*  cm  '  [1].  A  comparison  of  the  net  acceptor 
concentration  measured  by  C'-P'  with  the  nitro¬ 
gen  concentration  [N]  as  determined  by  sec¬ 
ondary  ion  mass  spectroscopy  (SIMS)  shows  that 
typically  -  /V,,  reaches  a  value  of  ~  5  x  10'^ 
cm  '  in  proportion  to  [N],  but  then  saturates  at 
around  '  1  x  lO''*  cm  '  and  eventually  de- 
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creases.  In  attempts  to  understand  the  dopant 
saturation  and  improve  the  performance  of  laser 
diodes,  the  electronic  and  optical  properties  of 
N-doped  ZnSe  have  been  characterized  [2..51. 
Typical  PL  properties  of  N-doped  ZnSe  are  as 
follows:  when  ZnSe  is  lightly  doped  with  N  which 
gives  rise  to  a  net  acceptor  concentration  of  less 
than  ~  1  x  It)'’  cm  '.a  shallow  donor-to-accep- 
tor  pair  (DAP)  emission  with  zero-phonon  energy 
of  ~  2.b%  eV  appears:  in  the  case  of  intermedi¬ 
ate  doping  concentration  with  the  value  around 
1  X  10'^  em\  a  new  DAP  emission  with  zero-pho¬ 
non  energy  of  2.678  cV  appears  in  addition  to 
the  shallow  DAP  emission:  for  heavily  N-doped 
ZnSe.  the  lower  energy  DAP  transitions  domi¬ 
nate  the  spectrum.  The  lower  energy  DAP  emis¬ 
sion  has  been  assigned  to  a  transition  between  an 
N-associated  deep  donor  and  an  N-acceptor  level 
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[4.6],  It  has  been  speeulated  that  the  N-asstK’iated 
deep  donor  plays  an  important  role  in  the  carrier 
eompensation  meehanism.  Hauksson  et  al.  pro¬ 
posed  that  the  compensating  donor  is  a  complex 
involving  a  native  defect  such  as  V^^.-Zn-N^. 
which  acts  as  a  single  donor  [4].  On  the  other 
hand.  Petruzzello  ct  al.  reported  that  the  ZnSe 
lattice  constant  decreases  as  the  N  concentration 
increases  [5].  The  reduction  of  the  lattice  con¬ 
stant  is  greater  than  can  be  explained  by  the 
shorter  Zn-N  bond  distribution  of  model  predic¬ 
tion.  They  attributed  the  excess  lattice  contrac¬ 
tion  to  the  generation  of  point  defects  accompa¬ 
nying  N  doping.  They  reported  that  the  Raman 
spectra  display  a  broadening  of  the  linewidth  as 
the  N  concentration  increases,  which  supports 
the  notion  of  point  defect  creation  with  N  doping. 
However,  less  attention  has  been  paid  to  the 
structural  properties  of  these  layers  from  a  micro¬ 
scopic  point  of  view,  although  they  give  some 
insight  intt)  the  understanding  of  compensation 
meehanism. 

In  this  paper,  we  will  present  the  results  of  ion 
beam  analysis  of  ZnSe :  N  utilizing  the  nuclear 
reaction  of  ''N(p.  <ry)'’C  and  particle  induced 
,X-ray  emission  (PI.XE).  It  is  clearly  indicated  that 
most  of  the  N  atoms  arc  situated  at  Se  substitu¬ 
tional  sites,  and  that  Zn  and  Se  are  situated  at 
their  substitutional  sites,  but  with  somewhat  dis¬ 
placed  positions.  The  present  results  suggest  that 
N  forms  either  an  complex. 

and/or  (N^^. )„-Zn  clusters  in  heavily  N-doped 
ZnSe. 


2.  Experimental  procedure 

A  heavily  N-doped  ZnSe  was  grown  on 
CiaAsdOO)  by  MBE.  in  which  ''N  was  used  as 
doping  species.  The  N  concentration  was  esti¬ 
mated  to  be  X  It)-"  cm  '  by  the  nuclear  reac¬ 
tion  analysis.  The  layer  thickness  was  .4(KK)  A.  Fig. 
I  shows  the  depth  profile  of  ''N  obtained  from 
the  nuclear  reaction  analysis.  Resonant  nuclear 
reaction  analyses  were  performed  using  (I.X78 
MeV  proton  beams  as  a  primary  ion  beam  gener¬ 
ated  by  Van  de  Graaff  accelerator.  The  primary 
beam  causes  resonant  nuclear  reaction  of 


Fig.  1.  The  depth  profile  of  nitrogen  in  the  ZnSe  epilayer 
obtained  trt>m  the  resonant  nuclear  reactitm  analysis. 


‘'N(p.  «'y)'’C’  and  the  genen-ted  y-ray  was  de¬ 
tected.  We  measured  PlXh  using  a  particles 
accelerated  at  2.0  MeV  as  a  primary  beam  and 
the  generated  X-ray  was  detected  with  a  Si-Li 
solid  state  detector.  Rutherford  backscattering 
(RBS)  measurements  were  also  performed  using 
either  o  particles  or  proton  beams.  We  measured 
photoluminescenee  spectra  at  12  K  using  the  .'^2.‘s0 
A  line  of  a  He-Cd  laser  as  an  excitation  source. 


3.  Ion  beam  analysis 

The  optical  properties  of  N-doped  ZnSe  with 
N  concentration  of  1..“'  X  It)'"  cm  '  were  investi¬ 
gated  by  phrUoluminescence  spectroscopy.  The 
ZnSe :  N  exhibits  strong  and  broad  emission  at 
2.48  eV  at  12  K.  as  shown  in  Fig.  2.  The  emission 
energy  shifts  to  the  high  energy  side  as  the  e.xcita- 
tion  intensity  increases,  indicating  DAP  emission. 
In  highly  N-doped  ZnSe  with  [N]  larger  than 
I  X  10''*  cm  '.  the  DAP  emission  appears  typi¬ 
cally  at  2.682  eV  [6].  in  which  a  pair  of  an 
N-associated  deep  donor  with  ionization  energy 
of  .‘>.5  meV  and  a  shallow  N  acceptor  ( 1 10  meV) 
participates  in  the  transition.  We  have  observed  a 
shift  of  DAP  emission  energy  to  the  low  energy 
side  as  the  N  concentration  increased  [6].  For  this 
particular  sample  with  N  concentration  of  1..*'  x 
!()’"  cm  '.  the  concentration-dependent  shift  is 
e.stimated  to  be  around  ^  2(M)  meV.  suggesting 
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the  formation  of  an  N-associated  deep  donor 
with  an  ionization  energy  of  ~  255  meV  or  the 
formation  of  an  N-associated  deep  acceptor  level 
with  ~  310  meV.  The  broad  linewidth  is  due  to 
merging  of  phonon  replicas. 

The  high  N-doping  results  in  the  formation  of 
defects  which  limit  the  attainable  net  acceptor 
concentration.  Ion  beam  analysis  is  used  to  inves¬ 
tigate  the  lattice  location  of  N  and  the  displace¬ 
ments  of  Zn  and  Se  atoms  from  the  regular 
lattice  sites.  Fig.  3  shows  the  channeling  angular 
distributions  for  X-ray  emitting  from  Zn  (open 
circles)  and  Se  (closed  circles)  for  both  (a)  '^N- 
doped  and  (b)  undoped  ZnSe.  Measurements  arc 
for  the  ( 1 10)  axis  at  300  K.  Although  it  is  hard  to 
observe  apparent  narrowing  in  the  channeling  dip 
and  increase  in  the  minimum  yield,  we  observe  a 
considerable  enhancement  in  the  yield  at  around 
1°  off  the  arrangement  direction  for  N-doped 
ZnSe  compared  to  undoped  ZnSe.  These  facts 
indicate  that  Zn  and  Se  are  situated  at  the  substi¬ 
tutional  sites  although  slightly  displaced  and  that 
there  are  no  detectable  interstitial  Zn  and  Se 
atoms  in  N-doped  ZnSe.  The  observed  displace¬ 
ments  of  Zn  and  Se  are  possibly  induced  by  the 
presence  of  substitutional  N  atom.s.  since  the 
bond  lengths  of  N-Sc  and  N-Zn  are  smaller  than 
that  of  Zn-Se. 

The  angular  distributions  of  y-rays  (closed  cir¬ 
cles)  emitted  from  '^N  clearly  show  dips  for  the 
(a)  <110)  and  (b)  <1(M))  channeling,  as  shown  in 
Fig.  4.  where  the  angular  distribution  of  proton 
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Fig.  2.  Phololuminescencc  spectrum  of  ZnSe:  N  with  |N|  =  I..S 
X  10 cm'  ill  12  K. 
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Fig.  2.  Angular  distribution  of  X-ray  emitting  from  Zn  (  I 
and  Se  (•)  for  (a)  N-doped  ZnSe  and  (b)  undoped  ZnSe. 
Measurements  arc  for  the  OlO)  axis  at  .too  K. 


(open  circles)  scattered  from  ZnSe  is  also  shown. 
The  angular  distribution  is  simulated  on  the  basis 
of  the  formalism  developed  by  Picraux  et  al.  [7]. 
The  da.shed  curve  .shows  a  calculated  angular 
distribution,  where  all  of  the  N  atoms  incorpo¬ 
rated  into  ZnSe  are  assumed  to  be  at  the  substi¬ 
tutional  sites,  while  the  dotted  curve  is  for  the 
displacement  of  N  atoms  by  0.4  A  from  the 
substitutional  site.  These  facts  indicate  that  most 
of  the  incorporated  N  is  situated  at  the  substitu¬ 
tional  sites,  although  slightly  displaced,  and  that 
there  are  no  detectable  interstitial  N  atoms  in 
heavily-N  doped  ZnSe. 


4.  Deep  levels  in  N-doped  ZnSe 

We  have  measured  deep  level  transient  spec¬ 
troscopy  (DLTS)  and  isothermal  capacitance 
transient  spectroscopy  (ICTS)  for  N-doped  ZnSe 
at  various  N  concentrations.  We  observed  two 
hole  traps  with  activation  energies  around  0.28 
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Fig.  4.  Angular  distribution  of  y-rays  (•)  emitted  from  ''N 
doped  in  ZnSe  for  the  (a)  <11()>  and  <b)  <l(l(l>  axes.  The 
angular  distribution  of  protons  (  :  )  scattered  from  ZnSe  for 
N-doped  ZnSe  is  also  shown.  The  dashed  and  dotted  curves 
are  calculated  angular  distributions  fur  the  displacements  of  0 
and  11.4  A.  respectively. 


and  0.52  eV.  The  capture  cro.s.s  section.s  for  the 
two  trap  levels  were  5  X  10"  ”  and  6  X  10  cm’, 
respectively.  The  concentrations  of  the  deep  lev¬ 
els  were.  for  instance,  1  x  10'“^  and  8  x  !()'■*  cm 
respectively,  for  the  sample  of  =  5  X  10'*’ 

cm  '. 


5.  Discussion 

Based  on  the  above  findings,  we  will  discuss 
possible  N-associated  complex  defects  which  are 
responsible  for  the  carrier  compensation  in  heav¬ 
ily  N-doped  ZnSe.  Recently,  theoretical  studies 
have  suggested  the  formation  of  deep  donor  de¬ 
fects  associated  with  N  at  an  interstitial  site  [8,9]. 


However,  the  prc.sent  results  clearly  demonstrate 
that  N  atoms  are  situated  at  the  substitional  sites. 
It  is  speculated  that  Zn,„,  and  a  complex  defect 
consisting  of  an  Ns,.-acceptor  and  an  interstitial 
Zn  atom  may  act  as  a  compensating  donor.  How¬ 
ever,  these  defects  should  not  be  responsible  for 
the  carrier  compensation,  since  no  detectable  in¬ 
terstitial  Zn  atom  is  found  in  the  present  ion 
beam  analysis. 

The  complex  defects  consisting  of  an  N^^.- 
acceptor  and  Se  vacancy  (Ns^-Zn-Vs^. )  were  pro¬ 
posed  through  the  studies  on  PL  and  electrical 
measurements  [4].  It  is  obvious  that  this  model  is 
consistent  with  the  present  experimental  results. 
In  fact,  in  the  model,  N  atoms  are  situated  at  the 
Se  substitutional  sites  and  the  displacement  of  N 
atoms  may  be  induced  by  adjacent  Zn  atoms 
which  are  slightly  displaced  because  of  the  pres¬ 
ence  of  adjacent  Sc  vacancy.  The  recent  XRD 
study  shows  anomalous  contraction  of  lattice  pa¬ 
rameter  in  N-doped  ZnSe  [5].  Although  the  cor¬ 
relation  of  the  anomaluos  lattice  contraction  with 
native  point  defects  is  not  clear  yet.  it  should  be 
noted  that  anomalous  contraction  of  lattice  pa¬ 
rameter  was  observed  in  B-doped  GaAs  and  that 
the  excess  contraction  is  interpreted  in  terms  of 
the  formation  of  As-vacancy  associated  complex 
defects  [10], 

Other  complex  defects  which  may  be  suggested 
based  on  the  present  experimental  results  are 
deep  acceptors  consisting  of  N  clusters  such  as 
(Nsi.)„-Zn  and  donor-type  complex  defects  which 
consist  of  an  N  pair  consisting  of  a  substituting  N 
at  an  Se  site  and  an  N  atom  being  situated  at  an 
adjacent  Zn  site  (Nji,;-N/n).  These  defects  arc 
shown  schematically  in  Fig.  3.  The  cluster-type 
complex  defect  may  act  as  deep  acceptors  and  the 
most  probable  cluster  would  be  (N^^,),-Zn.  where 
two  of  four  Se  atoms  surrounging  a  Zn  atom  arc 
substituted  by  N  atoms.  We  have  found  deep  hole 
trap  levels  at  0.28  and  0.58  eV  above  the  valence 
band  in  DLTS  and  isothermal  capacitance  tran¬ 
sient  spectroscopy  measurements  of  N-doped 
ZnSe  layers.  The  deep  level  with  0.28  eV  agrees 
fairly  well  with  the  acceptor  level  (^0.31  eV) 
estimated  from  the  PL  study  mentioned  above.  It 
is  likely  that  the  hole  trap  of  0.28  eV  is  related 
with  N^j-Zn-N^.  clusters. 
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Fig.  5.  Schematic  representation  of  the  proposed  complex 
defects  which  may  be  responsible  for  carrier  compensation  in 
heavily  N-doped  ZnSe:  (a)  deep  single  donor  of  -Zn-V^^,: 
(b)  deep  acceptor  of  N>,^. -Zn-N^^.:  (c)  N  pair  of  -N7,,. 

6.  Conclusion 

Wc  have  investigated  the  lattice  location  of  N 
atoms  in  a  heavily  N-doped  ZnSe  epilayer  with  N 
concentration  of  1.5  x  10’"  cm“  \  Neither  inter¬ 
stitial  N  atoms  nor  the  deep  donor  associated 
with  interstitial  Zn  atoms  are  detected  in  the 
N-doped  ZnSe  epilayer.  The  present  results  sug¬ 
gest  three  kinds  of  complex  defects  associated 
with  N  in  heavily  doped  ZnSe,  which  arc  respon¬ 


sible  for  carrier  compensation:  a  deep  single- 
donor  consisting  of  an  N-acceptor  and  Se  vacancy 
(N..;^.-Zn-V^^,):  deep  acceptors  consisting  of  an  N 
cluster  such  as  N^^.-Zn-N,;^.:  an  N  pair  consisting 
of  a  substituting  N  at  an  Se  site  and  an  N  atom 
being  situated  at  an  adjacent  Zn  site  (N^^.~N/„). 
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Abstract 

The  stability  of  substitutional  versus  displaced  atomic  configurations  for  N,  Al.  (ia.  Cl.  and  isoelectri'nic  () 
impurities  in  ZnSe,  ZnTe.  MgSe,  and  MgTe  wide  band  gap  semiconductors  were  examined  via  first-principles 
pseudopotential  calculations.  Negatively  charged  DX  centers  with  very  large  lattice  relaxations  are  found  to  be  the 
stable  states  of  Al  and  Ga  donor  impurities  in  ZnTe  and  MgTe  but  to  be  high  energy  metastable  states  in  ZnSc  and 
MgSe.  The  acceptor  state  of  O  in  ZnSe  is  identified  with  a  strongly  bonded  configuration  in  which  a  Zn-O  bond 
replaces  a  Zn-Se  bond.  The  idea  of  a  beneficial  defect-mediated  doping  mechanism  is  proposed  and  applied  to  an 
explanation  of  the  properties  of  N  impurities  in  ZnSc. 


1.  Introduction 

Difficulties  in  finding  suitable  impurities  for 
doping  large  band  gap  1 1- VI  semiconductors  both 
p-  and  n-type  led  to  a  decrease  in  interest  and 
researeh  on  these  semiconductors  in  the  early 
Idyll’s.  The  recent  success  [l-.l]  in  doping  ZnSe 
p-type  by  using  a  pure  nitrogen  source  has  re¬ 
vived  interest  in  11-VI  and  other  wide  band  gap 
materials  and  has  greatly  stimulated  new  experi¬ 
mental  and  theoretical  investigations. 

The  microscopic  nature  of  the  difficulties  in 
doping  most  II-VI  semiconductors  remain  only 
partially  undcrstcxrd  [4-11].  There  arc  many  pos¬ 
sible  explanations  for  why  it  is  difficult,  for  exam¬ 
ple,  to  dope  ZnTe  n-type,  but  they  generally  fail 
when  applied  to  ZnSe  or  most  other  II-VI  sc- 
lenidcs  and  sulfides  which  can  be  easily  n-doped. 
The  sharp  difference  in  the  doping  properties  of 
ZnSe  and  ZnTe  is  sometimes  explained  qualita¬ 
tively  by  noting  that,  on  an  absolute  energy  scale. 


the  valence-band  maximum  (VBM)  of  ZnTe  is 
about  I  eV  higher  than  ZnSe  and  similarly  the 
conduction-band  minimum  (CBM)  of  ZnTe  is 
about  O.b  eV  higher  than  in  ZnSe.  It  can  be 
argued  that  the  high  energy  of  the  CBM  in  ZnTe 
is  the  main  reason  for  the  difficulties  in  n-type 
doping  as  this  increases  the  likelihood  of  forma¬ 
tion  of  localized  defect  states  with  lower  energy. 
This  argument,  although  useful,  does  not  provide 
any  information  on  the  microscopic  nature  and 
properties  of  defect  states  which  interfere  with 
doping. 

In  this  paper  we  report  the  results  of  first- 
principles  calculations  on  the  properties  of  accep¬ 
tor.  donor,  and  isoelectronic  impurities  in  several 
II-VI  semiconductors.  The  goal  of  this  study  is  to 
determine  the  intrinsic  electronic  properties  of 
impurities,  i.c..  to  find  whether  in  the  absence  of 
compensating  defects  such  as  vacancies,  these 
impurities  arc  electrically  active  or  not.  The  idea 
of  .self-compensation  by  native  defects  is  re-cx- 
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amined  in  section  2.  The  acceptor-like  states  of 
isoelectronic  O  impurities  and  the  results  of  new 
cau  dations  for  N  impurities  in  ZnSe  and  MgSc 
are  u.icussed  in  section  3.  Donor  impurities  are 
examined  in  section  3,  where  it  is  proposed  that 
n-type  doping  in  II-VI  tellurides  is  complicated 
by  the  formation  of  DX  centers  even  in  the 
absenee  of  compensating  defects. 

The  ab  initio  total  energy  calculations  were 
done  on  three-dimensionally  periodic  unit  cells 
containing  18  atoms  per  cell  using  a  340  eV  cutoff 
energy  for  the  plane  wave  expansions.  The  possi¬ 
bility  of  atomic  displacements  away  from  substitu¬ 
tional  positions  were  considered  in  every  case 
and  the  relative  stabilities  of  various  bonding 
configurations  were  determined. 

2.  Compensation  by  native  defects 

Despite  recent  success  in  achieving  high  hole 
concentrations  in  Zn.^^  with  N  as  a  dopant,  the 
microscopic  origin  of  the  difficulties  in  the  p-type 
doping  of  II-VI  selenides  and  sulfides  and  n-type 
doping  in  the  tellurides  remains  unclear.  Even  for 
N  in  ZnSe.  it  is  not  known  what  limits  the  maxi¬ 
mum  achievable  hole  concentration  to  a  value  of 
about  10'^  cm  '.  The  most  widely  held  idea  is 
that  doping  induces  the  formation  of  native  de¬ 
fects  [4],  for  example,  vacancies  on  Sc  sites,  or  Zn 
interstitials,  which  compensate  the  acceptors.  The 
introduction  of  acceptor  impurities  greatly  en¬ 
hances  the  probability  of  such  defects  because 
impurity  compensation  lowers  the  formation  en¬ 
ergy  by  an  amount  approximately  the  size  of  the 
band  gap  for  a  single  donor  or  twice  as  much  for 
a  double  donor.  When  the  band  gap  is  large,  as  in 
ZnSe  where  =  2.8  eV.  the  decrease  in  defect 
formation  energy  is  very  significant.  Recently. 
Laks  et  al.  [9.10]  have  suggested  on  the  basis  of 
first-principles  calculations  that  self-compensa¬ 
tion  by  native  defects  is  not  important  in  perfectly 
stoichiometric  ZnSe.  However,  tiny  deviations 
away  from  perfect  stoichiometry  can  lead  to  the 
formation  of  a  large  compensating  background  of 
defects.  Laks  et  al.  argued  that  if  self-compensa¬ 
tion  by  native  defects  were  important,  then  it 
would  be  impossible  to  dope  ZnSe  either  n-  or 


p-type.  and  this  would  be  contrai-y  to  experimen¬ 
tal  results  where  no  problem  with  n-type  doping 
is  encountered.  On  this  basis,  it  was  concluded 
that  self-compensation  via  defect  formation  can¬ 
not  be  the  primary  reason  for  doping  difficulties 
in  ll-VI  semiconductors.  In  the  following  we 
suggest  that  native  defect  formation  in  response 
to  doping  is.  in  fact,  an  important  process,  and 
that  successful  doping  can  be  achieved  in  spite  of 
defect  formation  and  may  even,  in  some  cases, 
benefit  from  the  presence  of  such  defects. 

Let  us  consider  the  p-type  doping  of  ZnSe 
with  N  and  take  the  situation  where  the  incorpo¬ 
ration  of  acceptor-like  substitutional  N  impurities 
at  the  growth  surface  leads  to  the  formation  of 
donor-like  vacancies  on  Se  sites.  It  might  be 
expected  that  under  this  condition  no  doping  can 
be  achieved.  However,  this  conclusit)n  ignores 
other  important  processes  which  can  affect  the 
doping.  Most  importantly,  interstitial  N.  with  a 
structure  similar  to  that  of  interstitial  O  in  Si.  is 
an  acceptor  [12]  and  it  is  expected  to  be  as  mobile 
as  O  in  Si  where  the  energy  barrier  for  diffusion 
is  around  2  cV.  The  diffusing  acceptor-like  N  is 
attracted  by  the  donor-like  Se  vacancy.  The  re¬ 
combination  of  the  two  is  an  energetically  favor¬ 
able  reaction  and  leads  to  the  formation  of  a 
substitutional  N  atom  on  a  Se  site  which  is  a 
desired  reaction  for  p-type  doping.  Under  appro¬ 
priate  growth  conditions  and  an  efficient  recom¬ 
bination  regime,  a  high  initial  density  of  Se  site 
vacancies  may  not  only  be  ineffective  in  leading 
to  self-compensation  but  could  in  fact  lead  to  a 
high  doping  level.  This  would  suggest  that  p-type 
doping  should  be  possible  even  under  a  Zn-rich 
grtjwth  condition  which  favors  the  formation  of 
Se  vacancies.  Doping  under  this  condition  has 
been  demonstrated  experimentally  [13].  The  de¬ 
fect  mediated  doping  mechanism  has  other  con¬ 
sequences.  If  there  are  It)"*  cm  '  Se  vacancies  in 
the  system  at  a  particular  growth  temperature, 
the  filling  of  the  vacancies  by  diffusing  N  intersti¬ 
tials  will  initially  result  in  an  increase  in  the  hole 
concentration  and  the  doping  efficiency  will  be 
close  to  1.  However,  at  some  proint.  the  probabil¬ 
ity  that  a  diffusing  N  atom  meets  a  Se  vacancy 
becomes  equal  to  that  for  encountering  a  substi¬ 
tutional  N  atom.  If  captured  by  the  vacancy,  an 
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additional  hole  is  created,  but  as  discussed  below, 
the  formation  of  a  N-N  split-interstitial  complex 
at  a  substitutional  site  leads  to  a  iieutralizuiion  of 
a  hole.  In  this  regime,  the  doping  efficiency  drops 
to  zero.  In  the  final  state  where  most  of  the  Se 
vacancies  in  the  bulk  have  been  filled  by  N  atoms, 
the  presence  of  additional  diffusing  N  atoms  can 
only  lead  to  N-N  complex  formation  and  the 
doping  efficiency  becomes  net’citir  c.  i.e..  the  hole 
concentration  actually  drops.  This  setiuence  of  a 
doping  efficiency  changing  from  unity  to  zero  and 
then  negative  is  observed  experimentally  [14, 15J. 
For  the  success  of  this  argument  it  is  necessary  to 
assume  that  the  formation  of  additional  Se  vacan¬ 
cies  in  the  bulk  in  response  to  substitutional  N 
acceptors  is  suppressed  by  the  much  larger  en¬ 
ergy  needed  for  creating  a  vacancy-interstitial  pair 
defect  (as  compared  to  a  simple  vacancy  near  the 
surface). 

The  same  type  of  mechanism  can  be  operative 
for  the  case  of  n-type  doping  of  ZnSe.  Let  us 
consider  the  case  where  Gti  donor  impurities  are 
being  used  for  the  doping  and  assume,  as  before, 
that  at  the  growth  front  the  inettrporafion  of  a  Ga 
atom  leads  to  the  creation  of  a  compensating 
acceptor-like  defect,  in  this  ctise  a  vacancy  on  a 
Zn  site.  If  interstitial  Ga  atoms  are  donor-like, 
then  they  would  be  attracted  by  the  ;icceptor-like 
vacancies  and  recombination  of  the  two  would 
give  a  (ia  on  a  Zn  site  which  is  a  donor  and  is  a 
desired  reaction.  Interstitial  Ga.  in  various  bond¬ 
ing  configurations,  is  in  fact  a  donor  [12]  so  the 
situation  for  n-type  doping  is  similar  to  that  for 
p-type  doping  and  the  fact  that  compensating 
native  defects  form  does  not  necessarily  lead  to 
problems  with  doping. 

Is  there  experimental  support  for  ;m  increase 
in  the  concentration  of  vacancies  or  other  com¬ 
pensating  centers  with  doping'.’  Miyajima  et  al. 
[lb]  have  shown  via  positron  annihilation  studies 
that  the  concentration  of  negtitively  charged  Zn 
vacancies  (which  attract  positrons)  increases  in 
ZnSe  with  Ga-doping.  If  the  material  is  doped 
with  N  or  O  (which  is  found  to  have  an  acceptor 
state  in  ZnSe),  no  increase  in  the  density  of 
negatively  charged  defects  is  seen:  the  expected 
increase  in  positively  charged  defects  cannot  be 
seen  by  the  method.  Similar  results  were  found 


by  Fanigawa  et  al.  [17]  in  a  Ill-V  semiconductor: 
Si-doped  GaAs.  In  this  case  the  incorporation  of 
Si  at  concentrations  near  and  above  10'’'  cm 
led  to  a  significant  increase  in  the  density  of 
compen.sating  Ga  vacancies,  in  agreement  with 
theoretical  expectations  [18], 

We  have  also  previously  examined  the  possibil¬ 
ity  of  a  shallow-deep  transition  of  P  and  As 
induced  acceptor  states  in  ZnSe  caused  by  a  large 
lattice  relaxation  [7],  In  these  cases  a  low  doping 
level  occurs  independently  of  the  presence  or 
absence  of  compensating  defects.  .Another  possi¬ 
bility  opened  by  the  above  discussion  is  that  P 
doping  is  not  as  effective  as  N  doping  because 
interstitial  P  diffusion  and  recombination  with 
vacancies  on  Se  sites  is  not  as  effective  as  for  N. 


3.  p-Type  doping 

.F/.  Acceptor  slates  of  o.xypen  in  ZnSe 

Oxygen  is  an  isoeleetronie  impurity  in  II- VI 
semiconductors  and  is  mtt  expected  to  be  electri¬ 
cally  active  when  on  a  substituti()n;il  site.  This 
was  confirmed  by  our  tight-binding  calculations 
for  O  based  on  matrix  elements  obtained  from 
crystalline  ZnSe  and  ZnO.  I  here  are  a  number  of 
reports  [ld-21].  however,  that  O  gives  rise  tir 
effective-mass  type  acceptor  states  in  ZnSe  and  a 
number  of  other  ll-VI  semiconductors  (in  con¬ 
centrations  of  abr)ut  If)'”  cm  ')  end  the  p-type 
doping  has  been  ascribed  to  interstitial  O.  We 
have  examined  the  properties  of  O  interstitial 
impurities  in  ZnSe  via  an  ab  initio  pseudopoten¬ 
tial  approach  using  "hard"  pseudopotentials  for 
Zn  for  greater  accuracy.  The  “hard"  potential 
treats  the  core  d-electrons  of  Zn  on  an  equal 
footing  with  the  other  valence  electrons.  This 
increases  the  complexity  of  the  calculation  but 
leads  to  more  reliable  bond  lengths.  The  results 
of  the  calculations  indicate  that  interstitial  O 
forms  a  strong  Zn-O  bond  by  attacking  and 
breaking  a  Zn-Se  bond  from  an  antibonding  (111) 
direction  of  a  Zn  atom.  The  resulting  onefold 
ermrdinated  O  atom  is  a  shallow  acceptor  in  this 
configuration  and  is  negatively  charged.  Other 
interstitial  geometries  were  also  examined.  In 
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particular,  a  twofold  coordinated  bridge  position 
in  which  O  forms  bonds  to  both  Zn  and  Se  atoms 
is  electrically  inactive  as  might  be  expected. 

The  onefold  coordinated  geometry  was  also 
examined  for  F  impurities  in  ZnSe  and  it  was 
found  that  this  configuration  also  leads  to  an 
acceptor  state  even  though  substitutional  F  is  a 
donor.  It  would  be  quite  interesting  to  see  if 
interstitial  doping  of  ZnSe  via  F  can  be  achieved 
experimentally. 

.1. 2.  s^itroficn 

Calculations  were  carried  out  for  substitu¬ 
tional  N  in  ZnSe  and  zincblende  MgSe.  The 
latter  compound  has  a  band  gap  of  nearly  .'^.6  eV 
[22]  and  ;i  hittice  constant  of  .s.Sd  A  as  compared 
to  2.S  eV  and  5  (•>(■>  A  for  ZnSe.  In  both  materials 
N  is  found  to  be  strongly  fourfold  coordinated 
despite  the  large  inward  pulling  of  neighboring 
Zn  or  Mg  atoms  caused  by  the  small  ctwalent 
radius  of  N.  Nitrogen  is  found  to  give  a  delocal¬ 
ized  acceptor  state  with  small  binding  energy 
typiciil  of  an  effective-mass  state  for  Zn.Se.  In 
MgSe.  a  localized  state  with  a  binding  energy  of 
11.2  eV  with  respect  to  the  VI3M  is  found.  Off- 
center  displacements  of  N  were  found  to  incrctise 
the  total-energy  in  agreement  with  the  recent 
results  (d  Kwak  el  al.  [11]. 

rite  small  0.7  A  covalent  bonding  radius  of  N 
suggests  that  iin  interstitial  configuration  with  a 
structure  similar  to  that  of  twofold  coordinated 
interstitial  ()  in  .Si  is  also  likely  to  occur  for  N  in 
ZnSe.  Such  interstitials  may  he  vcr\  important  in 
understanding  the  doping  properties  of  N.  Fxper- 
imcntally  [I.^.Uj.  it  is  found  that  the  hole  concen¬ 
tration  in  ,N  doped  ZnSe  saturates  at  a  value  of 
about  10''  cm  '  and  then  goes  diwn  rapidly  as 
the  N  concentration  exceeds  a  value  of  about  lO'" 
cm  ’.  At  high  N  concentrations,  the  possibility 
that  diffusing  N  interstitials  come  into  contact 
with  other  interstitials  and  substitutional  N  atoms 
to  form  N,  complexes  has  to  be  considered.  A 
reaction  of  an  interstitial  N  with  a  substitutional 
N  !('  form  a  split-interstitial  N,  complex  can  be 
shown  on  the  basis  of  filling  of  all  available 
bonding  states  to  a  neutralization  of  the  electrical 
activities  of  both  N  atoms  [2.^|.  The  formatirrn  of 


such  a  complex  will  tend  to  counterbalance  the 
compressive  strain  introduced  into  the  lattice  by 
other  i.solated  substitutional  N  atoms  and  it  is 
also  aided  by  the  greater  strength  of  the  N-N 
bond  as  compared  to  all  other  bonds  in  the 
system  and  by  the  small  size  of  N.  It  should  be 
possible  to  experimentally  detect  the  presence  of 
such  N,  complexes  through  vibrational  spec¬ 
troscopy  of  the  N-N  bond.  The  barrier  for  diffu¬ 
sion  inhibits  the  motion  of  N  interstitial  atoms  at 
low  temperatures  and  this  should  prevent  the 
formation  of  comple.xes.  This  is  consistent  with 
the  experimentally  observed  result  that  higher 
acceptor  concentrations  can  be  obtained  at  lower 
growth  temperatures  (up  to  the  point  where  the 
reduction  in  the  diffusion  length  of  atoms  at  the 
surface  results  in  the  formation  of  other  defects). 


4.  Donor  impurities 
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The  electn'nic  oroperties  of  Al  and  Ga  donor 
impurities  were  examirieu  in  ZnSe.  ZnTe.  MgSe 
and  MgTe.  The  main  result  of  the  ctilculaiions  is 
th;it  these  impurities  letid  to  loctilized  donor  states 
in  the  tellurides  but  not  in  the  seleniiles.  The 
localized  donor  states  in  Zn  I'c  and  Mg  Te  tire 
verv  simihir  to  those  tirising  from  I).\  centers  in 
.AIGaAs  alloys  [24|.  i.e..  they  are  /icgitm  c/y 
charged  and  result  from  ti  Itirge  lattice  relaxation 
at  the  impurities.  The  formtition  of  F)\  centers  is 
described  b\ 


2  d"  -  2  d  ■  -  D.X  .  (  I ) 

in  which  half  the  donor  titoms  in  the  system 
become  positively  charged  tind  the  other  half 
negatively  charged.  I'he  noltition  d  is  used  to 
denote  a  substitutional  tetrahedrtilly  coordintited 
donor  titom.  The  symmetry  of  the  negatively 
charged  D.X  center  is  trigonal  and  the  donor 
atom  is  displaced  by  close  to  I  .S.s  .A  along  an 
antibonding  (ill)  direction  llu'  large  displace¬ 
ment  leads  to  the  breakin  >  i  lonor-anion 
bond.  The  formation  of  P\  •  i  -  csults  in  a 
significant  increase  of  the  ih  -  i’. ling  energy 

of  electrons,  particularly  v  the  reac¬ 
tion  in  Hq.  ( I )  is  exotherm  c\  for  Ga 
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and  0.20  eV  for  Al  impurities.  The  reaction  is 
endothermic  in  ZnSe  by  0.5  eV  for  Ga  ...  '  0.*i5 
eV  for  Al  and  DX  centers  are  a  relatively  high 
energy  melastable  state.  As  in  the  case  of  DX 
centers  in  AlGaAs.  there  is  a  large  Stokes  shift 
between  the  optical  and  thermal  excitation  ener¬ 
gies  of  DX  centers.  For  ZnTe.  the  optical  ioniza¬ 
tion  energy  of  a  Ga-induced  D.X  center  is  calcu¬ 
lated  to  be  0.,54  eV  higher  than  the  2. .50  cV  band 
gap;  for  Al.  this  energy  is  0,.57  eV  smaller  than 
the  gap.  Analysis  of  the  results  for  ZnSc  and 
ZnTe.  together  with  experimental  data  on  the 
variation  of  the  valence  and  conduction  band 
edges  with  alloying  suggests  [25]  that  an  alloy  with 
composition  near  ZnSCu^TCi, ,  (with  a  band  gap 
of  nearly  2.4  eV)  should  be  superior  to  ZnSc  for 
both  n-  and  p-lype  doping  properties. 

4.2.  a 

In  AlGa.As  alloys  donor  impurities  on  both  the 
cation  and  anion  sites  of  the  lattice  are  found  to 
give  rise  to  DX  centers  [24].  This  is  not  found  to 
he  the  ease  for  II- VI  .semiconductors.  .Substitu¬ 
tional  C'l  in  ZnSc  and  Zn  Te  does  not  lead  to  a 
large  lattice  relaxation  similar  to  that  of  S  in 
AlGaAs.  Nevertheless,  the  impurity  appears  to 
lead  to  a  much  more  localized  state  in  Zn  l'e  than 
in  ZnSe. 

4.. 4  [  wpcrimenis 

There  is  strong  experimental  evidence  for  the 
presence  of  DX  centers  in  a  number  of  ll-VI 
semiconductors.  Such  centers  have  been  detected 
in  In  [2b]  and  Ga-doped  [27]  Zn.C'd,  ,Te.  In- 
doped  Cd,Mn|  I'Te  (2S].  and  in  C'dTe  under 
pressure  [2M].  The  addition  of  Zn  or  Mn  to  C'd'l  c. 
or  the  application  of  pressure  to  C'd'Te  it.self.  has 
the  effect  of  raising  the  C  BM  and  bringing  the 
DX  state  into  the  band  gap.  The  absence  of  an 
FPR  signal  [2b]  in  Zn.C'd,  ,'Te  is  consistent  with 
the  negative-C’  reaction  given  by  Fq.  (1). 

5.  Summary 

In  conclusion,  the  results  of  our  ab  initu) 
total-energy  ctilculations  indicate  that  formation 


of  DX  centers  in  column  III  n-doped  II-Vl  semi¬ 
conductors  is  likely  in  ZnTe  and  MgTe.  but  not 
in  ZnSc  and  MgSe.  A  defect  mediated  doping 
mechanism  was  propo.sed  and  applied  to  an  ex¬ 
planation  of  the  observed  saturation  of  acceptor 
levels  in  N  doped  ZnSc.  The  acceptor  state  of  O 
in  ZnSc  is  identified  with  a  strongly  bonded  Zn-O 
state  of  interstitial  O. 
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Abstract 

The  interaction  between  excited  N;  molecules  and  dimers  at  stabilized  ZnSe  (100)  surface  has  been  studied 
theoretically.  The  dimerization  at  the  surface  is  treated  as  a  one-dimensional  lattice  distortion,  the  so-called  Peierls 
transition,  and  the  stability  of  the  dimerization  is  evaluated  within  the  mean  field  approximation.  When  the  orbital 
energy  in  the  N,  molecule  gets  close  to  the  energy  band  of  the  one -dimensional  electron  gas.  the  dimerization  is  not 
a  preferable  .state,  and  this  result  is  consistent  with  the  adsorption  and  dissociation  mechanism  on  a  ZnSe  surface 
we  had  proposed  using  the  cluster  model  in  ref.  [.^]. 


I.  Introduction 

The  nitrogen  plasma  doping  method  [I]  has 
successfully  realized  reliable  low-resistivity  p-type 
ZnSe  and  it  has  led  to  blue-green  laser  oscillation 
at  room  temperature  [2].  However,  the  net  hole 
eoncentration  is  not  high  enough  to  carry  out 
adequate  ohmic  contact  at  the  electrodes  of  de¬ 
vices  and  it  is  important  to  clarify  the  doping 
mechanism  of  nitrogen  into  ZnSe.  We  have  theo¬ 
retically  analyzed  the  adsorption  and  di,s.sociafion 
mechanism  of  N,  on  ZnSe  surface  for  the  first 
time  [.3]  and  shown  that  surface  atoms  of  this  kind 
give  rise  to  a  significantly  different  reaction  be¬ 
tween  N,  molecule  and  the  surface.  This  mecha¬ 
nism  could  explain  why  the  nitrogen  atoms  reside 
selectively  at  Se  sites  in  molecular  beam  epitaxy 


*  (  orrcspondinn  author. 


growth.  Recently,  the  dependence  of  doping  effi¬ 
ciency  on  the  surface  termination  on  ZnSe  (1(10) 
has  been  investigated  using  the  planar-doping 
technique  [4]  and  it  shows  that  a  higher  hole 
concentration  is  obtained  by  the  planar  doping  at 
the  Zn-stabilized  surface.  In  our  previous  analysis 
a  simple  cluster  model  was  adopted  to  de¬ 
scribe  the  ZnSe  surface,  and  the  surface  recon¬ 
struction  effect  was  ignored.  The  dimerization 
has  taken  place  at  the  stabilized  ZnSe  (UK))  sur¬ 
face  where  (2  x  1)  or  c(2  x  2)  Zn  or  Sc  surface  is 
reconstructed  [.“i]. 

In  this  paper,  we  have  studied  the  interaction 
between  excited  N,  molecules  and  the  stabilized 
ZnSe  surface  theoretically.  As  the  ZnSclKK))  sta¬ 
bilized  surface,  the  dimerization  line  is  taken  into 
account  and  the  each  line  is  assumed  to  be  inde¬ 
pendent  since  the  second  layer  atoms  are  bonded 
in  the  direction  perpendicular  to  the  dimerization 
line.  We  have  treated  the  dimerization  as  a  one- 
dimensional  lattice  distortion,  the  so-called 
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Peierls  transition  [6],  and  included  the  interaction 
with  the  N,  molecule.  To  investigate  the  stability 
of  this  system,  the  gap  equation  is  derived  in 
terms  of  the  finite-temperature  Green  function 
formalism.  Then,  wc  have  di.scussed  the  stability 
using  the  results  of  the  cluster  model  calculation 
and  have  shown  that  the  N,  molecule  tends  to  be 
adsorbed  and  di.ssociated  even  at  the  Zn-stabi- 
lized  ZnSe  surface.  This  result  is  consistent  with 
the  planar-doping  experiment  [4], 


2.  Dimerization  model 

Fig.  I  shows  the  surface  atoms  along  <110) 
direction  schematically.  The  solid-line  circles  in¬ 
dicate  surface  atoms  at  the  ideal  sites  and  the 
dashed-line  circles  indicate  the  stabilized  surface 
atoms.  Since  the  surface  atoms  are  bonded  to  the 
second  layer  atoms  in  the  (110)  direction,  the 
lattice  displacement  should  be  considered  only  in 
the  <  1 10)  direction.  On  the  other  hand,  ZnSe  has 
such  a  strong  ionicity  that  the  two  electrons  in  the 
\alence  4s  orbital  of  the  Zn  atom  are  almost  all 
transferred  into  Se  sites  in  bulk  ZnSc.  according 
to  the  pseudo-potential  energy  band  calculation 
[7J.  Then,  we  expect  that  there  is  a  single  free 
electron  (hole)  at  the  surface  Zn  (Se)  site.  Here¬ 
after.  we  proceed  to  the  case  cd'  the  Zn  surface 
and  will  discuss  the  case  of  the  Se  surface  later. 
Thus,  since  each  Zn  site  at  the  surface  has  a 
single  electron  and  can  move  only  in  the  <II0) 
direction,  the  dimerization  in  this  direction  corre¬ 
sponds  to  the  Peierls  transition  of  a  one-dimen¬ 
sional  system.  Therefore,  we  shall  Rk'us  on  the 
interaction  between  a  N,  molecule  and  a  one-di¬ 
mensional  dimerization  line  as  the  stabilized  sur¬ 
face.  The  Hamiltonian  which  describes  such  a 
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one-dimensional  system  with  the  N,  molecule  is 
given  by 

k  If 

k.if 

+  e„a^a  +  TYj  "  T*  +  7'  *  c*  « .  ( 1 ) 

k  k 

where  c\  ic/.)  and  (a)  are  the  electron  creation 
(annihilation)  operators  of  the  one-dimensional 
electron  gas  and  the  orbital  state  in  the  N- 
molecule,  respectively,  (h,^)  are  the  phonon 

creation  (annihilation)  operators  of  the  one-di¬ 
mensional  lattice  vibration  and  the  third  term 
expresses  the  Frdhiich  type  electron-phonon  in¬ 
teraction  [8].  6,1  is  the  orbital  energy  in  the  N- 
molecule  and  T  is  the  tunneling  matrix  element 
between  the  N,  molecule  and  the  one-dimen¬ 
sional  electron  gas.  Here,  we  ignore  the  spin 
indices  of  the  electron  operators,  since  the  Peierls 
transition  is  not  dependent  on  the  spin  density, 
but  on  the  charge  density.  We  introduce  the 
following  correlation  functions  to  investigate  the 
stability  of  the  system: 

^  -  ') 

--■')=  -<7«(  r)  cj  :(r')T 

where  Q  is  twice  the  Fermi  wave  vector  A  , .  //„  „ 
are  the  usual  Green  functions  and  //  ,  ,  is  re¬ 
lated  to  the  order  parameter  of  the  phase  transi¬ 
tion.  expresses  the  electron  transfer  between 

the  N;;  molecule  and  the  one-dimensional  elec¬ 
tron  gas.  From  the  finite  temperature  equation  of 
motion,  the  above  correlation  functions  arc  cou¬ 
pled  as 

'"J  i<a„) 

-T*,Z,(A-.itu„)=  1. 

(i(i>„  — y  ;).<  I  |(  4: .  ioj,,)  — I  i(  A:,  iw,,) 

-  icuj  =0.  (2) 

(iw„  -  A.  i«j„)  -  |(  A,  iwj 

+/, 


I  ,( A,  iio,,))  =  0. 
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Here,  we  kept  only  terms  with  q  =  Q  ox  -Q  and 
made  a  mean  field  approximation  for  mixed 
Green  functions,  proportional  to  etc. 

J  is  the  mean  value  of  the  lattice  displacement 
and  corresponds  to  the  order  parameter  in  the 
Peierls  transition.  When  the  lattice  is  distorted.  J 
is  finite  and  time-independent.  From  the  equa¬ 
tion  of  motion  of  the  phonon  operator,  J  is 
related  to  the  charge  density  as 

=  (  hy  +  h  y  ) 

= (3) 

where  fi  is  inverse  temperature.  After  summing 
over  the  Matsubara  frequency  m„  =  (In  +  Hir/fl, 
the  gap  equation  is  given  by 

L  -  e„-\T\-/fA-a 

1  =  — — /d/t- - .  (4) 

(l3-a)(r-a) 

Here,  we  consider  the  limiting  case,  such  as  zero 
temperature.  «.  13  and  yto  <13  <y)  arc  roots  of 
the  equation  for  r.  given  by 

( -- -  e„)[(  r  -  e*.  Ol-'-f;  ,)-/''lJr'l 

J)1  =0. 

(-^) 

When  e„  is  larger  than  e<  ,  a.  13  and  y  can  be 
expressed  approximately  within  the  order  t>f  |7’!’: 

«  =  !■: 

+  i7T’[2/:  -e,  ,,  ,-e,  ,  + 

(e„-F  XF.-F  ) 


|7T[2/-  :-e,  ,,  ,  +  2/:>i(  J)] 

(e„  ) 

(7) 

y  = 

+  I  -C' 

(«) 


where 

7;  ,=  T(ex: -t- e*  2 

+  (d) 

If  the  gap  equation  has  the  real  value  solution  of 
J.  the  Peierls  instability  occurs  and  the  dimers 
are  reconstructed  at  the  surface.  However,  the 
numerator  of  the  integral  in  Eq.  (4)  changes  the 
sign  at 

|r|-’=(e„-o)/J.  (10) 

If  the  right-hand  side  of  Eq.  (4)  becomes  nega¬ 
tive.  the  real  solution  of  J  does  not  exist  and  the 
Peierls  transition  does  not  occur.  Thus.  Eq.  ( 1(1) 
shows  the  criterion  of  the  dimer  stability  and  it 
indicates  that  even  small  |7'|  can  cause  the  dimer 
to  be  unstable  if  e„  is  close  to  n.  which  is  roughly 
1-:  . 


3.  Discussion 

Fig.  2  shows  the  orbital  energies  of  an  excited 
N,  moleeule  and  two  clusters.  /,nSe,H„  and 
SeZn.H,,.  corresponding  tit  Zn  and  Se  surface, 
respectively.  The  orbital  energies  arc  calculated 
within  the  Hartree-F'oek  approximation.  The  size 
of  the  basis  and  other  detailed  conditions  in  the 


Fig.  2.  Orbital  enemies  nt  exeileil  nitrogen  m»>leeule  anil 
/nSe  cluster  models. 
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calculation  arc  discussed  in  ref.  [3].  According  to 
the  cluster  model  calculation,  the  Zn  valence  p 
orbital  perpendicular  to  the  Se-Zn-Sc  plane  in 
ZnSe^H^  does  not  contribute  to  the  bonding  with 
the  second  layer  atoms  and  the  phase  of  the  wave 
function  matches  the  nitrogen  antibonding 
orbital.  Thus,  it  is  assumed  that  the  single  free 
electron  at  the  Zn  surface  atom  belongs  to  the  p 
orbital  and  the  matrix  element  T  describes  the 
transition  between  the  p  orbital  of  the  Zn  atom 
and  the  nitrogen  antibonding  orbital.  Then,  e,, 
and  the  band  energy,  in  the  dimer  model 
correspond  to  the  antibonding  orbital  energy 
and  the  p  orbital  energy  of  the  surface  atom, 
respectively.  Since  the  energy  difference  between 
the  Zn  valence  p  orbital  and  antibonding  is 
.S.7I  eV.  which  is  much  smaller  than  the  case  of 
the  Se  valence  p  orbital  (14.15  eV)  in  Fig.  2,  it  is 
expected  that  the  Peierls  instability  condition  is 
more  easily  broken  at  the  Zn  surface  than  at  the 
Se  surface:  in  other  words.  Zn  dimers  become 
easily  destructed  as  the  excited  N,  molecule  ap¬ 
proaches  the  ZnSe  surface.  After  the  bonds  of 
the  Zn  dimers  are  broken  down,  they  may  be 
treated  as  Zn  att)ms.  Then,  the  assumption  of  the 
cluster  model  becomes  reasonable  and  we  can 
explain  that  nitrogen  atoms  arc  selectively  doped 
into  Se  sites  in  molecular  beam  epitaxy  growth, 
even  if  the  ZnSe  surface  is  stabilized.  In  the  case 
of  the  Se  surface,  the  energy  difference  between 
the  Se  valence  p  orbital  and  antibond  is  large 
and  it  needs  a  large  T  to  satisfy  Eq.  (Id).  Thus, 
the  Se  dimers  are  stable  and  moreover,  the  Sc 
surface  atom  tends  to  withdraw  the  electron  from 
the  N,  molecule.  This  property  is  not  preferable 
for  the  dissociation  of  the  N,  molecule. 

In  summary,  we  have  studied  the  interaction 
between  N.  molecule  and  stabilized  ZnSe  surface 
theoretically.  The  dimerization  on  a  ZnSe  (IdO) 
surface  is  considered  as  the  stabilized  surface  and 


is  treated  as  a  one-dimensional  lattice  distortion 
(Peierls  transition).  Then,  we  have  evaluated  the 
stability  of  the  one-dimensional  lattice,  interact¬ 
ing  with  the  excited  N,  molecule  within  the  mean 
field  approximation.  We  have  made  it  clear  that 
the  Zn  dimer  at  the  surface  tends  to  be  unstable 
when  the  excited  nitrogen  molecule  approaches 
the  dimer.  Then,  our  cluster  model  analysis  of  the 
interaction  between  N,  molecules  and  ZnSe  sur¬ 
face  can  be  used,  even  if  the  surface  is  stabilized. 
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Abstract 

The  limits  of  acceptor  doping  in  wide  band  gap  semiconductors  are  examined  by  considering  the  case  of 
nitrogen-doped  ZnSe.  Starting  from  experimental  observations  on  defect  generation  associated  with  N  doping,  it  is 
shown  how  self-compensation  due  to  impurity-defect  pairs  leads  to  a  saturation  of  the  free  carrier  concentration,  in 
agreement  with  published  electrical  measurements.  At  high  doping  level,  the  statistical  fluctuations  in  local  impurity 
and  compensating  centre  concentrations  produce  a  random  distribution  of  potential  wells  and  hills  in  the  semicon¬ 
ductor.  An  expression  of  the  effective  free  carrier  concentration  above  the  mobility  edge  is  obtained  which  predicts  a 
sharp  drop  of  the  electrical  conductivity  with  increasing  impurity  content. 


1.  Introduction 

Efficient  doping  of  ZnSe  with  the  nitrogen 
acceptor  has  recently  be  realized  [1-3]  and  has 
allowed  the  fabrication  of  devices  based  on  bipo¬ 
lar  electrical  injection,  light  emitting  diodes 
(LED)  and  lasers  [4-8].  This  achievement  points 
out  limited  material  purity  as  the  main  rea.son 
explaining  the  previous  unsuccessful  attempts  on 
acceptor  doping.  However,  electrical  and  optical 
measurements  performed  on  N-doped  ZnSe  show 
that  the  semiconductor  becomes  increasingly 
compensated  with  increasing  nitrogen  concentra¬ 
tion  [8,9,16].  Hence  the  maximum  hole  concentra¬ 
tion  is  limited  to  about  10'’*  cm  '.  Furthermore, 
the  carrier  concentration  tends  to  decrease  at 
high  acceptor  concentration.  ZnSe  thus  appears 
as  the  prototype  material  for  analysis  of  acceptor 
doping  in  wide  band  gap  semiconductors. 

In  this  paper  we  di.scu.ss  the  above  re.sults  from 


the  point  of  view  of  self-compensation.  We  show 
that  the  formation  of  native  defect-impurity  pairs 
can  actually  be  the  cause  of  doping  limitation.  On 
the  other  hand,  the  rapid  decrease  of  free  carrier 
concentration  at  high  doping  is  accounted  for  by 
considering  the  potential  fluctuations  iKcurring 
in  the  compensated  state. 


2.  Self-compensation  in  nitrogen  doped  ZnSe 

Several  facts  suggest  the  existence  of  self-com¬ 
pensation  in  N-doped  ZnSe.  Analysis  of  donor- 
acceptor  pair  luminescence  transitions  allowed 
Hauksson  et  al.  [9]  to  conclude  that  a  deep  com¬ 
pensating  donor  with  a  binding  energy  of  44  meV 
exists  in  more  heavily  doped  material.  A  deep 
donor  at  about  50  meV  was  also  reported  by 
Ohkawa  et  al.  [8].  A  reduction  in  lattice  constant 
with  increasing  N  concentration  was  attributed  to 


(KI22-()24S/>J4/$n7.(KI  i  |W4  F.lsi-vicr  Science  B.V.  All  rights  reserved 
SSDI  (I()22-(I248(>>3)[;(I76.S-Y 


3()(> 


V.  /  Jounud  of  C  rystal  (irowth  I.^S  ( l^4i 


the  generation  of  point  defects  (vacancies)  ac¬ 
companying  N  doping  [10].  Supportive  evidence 
for  the  generation  of  point  defects  was  obtained 
in  the  latter  work  from  the  observation  of  wave 
vector  non-conservative  Raman  scattering. 

On  the  theoretical  side,  a  first-principle  calcu¬ 
lation  of  the  formation  energy  of  native  point 
defects  has  recently  appeared  [11,12].  The  au- 
th(>rs  have  concluded  that  the  dominant  native 
defect  in  p-type  ZnSe  is  the  interstitial  Zn;^,  the 
concentration  of  which  amounts  to  10'  - 10"' 
cm  '  in  material  grown  under  minimum  Sc 
chemical  potential.  They  said  that  other  native 
defects  have  concentrations  four  orders  of  magni¬ 
tude  smaller  than  the  Zn  interstitial.  Although 
the  reduction  in  lattice  constant  observed  in  ref. 
[10]  is  more  in  agreement  with  the  formation  of 
vacancy-type  defects,  the  above  theoretical  work 
confirms  the  fact  that  native  defects  are  gener¬ 
ated  in  nitrogen-doped  ZnSe. 

We  intend  to  sht)w  that  these  defects  can 
induce  significant  self-compensation,  not  by 
themselves,  but  through  the  formation  of  defect- 
impurity  complexes.  This  aspect  was  not  exam¬ 
ined  in  ref.  [12].  To  be  specific,  we  consider  the 
case  of  pairing  between  Sc  vacancy  donors  <V.^' ) 
and  N  acceptors  (A^l.  Replacement  of  Se  vacan¬ 
cies  by  Zn  interstitials  would  formally  lead  to 
similar  results. 

The  pairing  reaction  and  the  asstKiated  mass- 
action  relation  can  be  written  as 

+  A^-(V^AO  ■  (1) 

[(AxV0'I/[A^]  =/v',[V^'I.  (2) 

The  pairing  constant  A',,  is  of  the  form  K,,  = 
A',,  exp(  -  Jl//[,/A. /')  where  the  enthalpy  J//,, 
represents  the  electrostatic  interaction  between 
the  charged  species  and  is  negative.  Thus  A',, 
increases  with  decreasing  temperature.  Due  to 
this  fact,  the  compensation  ratio  <2)  may  reach 
significant  values  for  relatively  small  concentra¬ 
tions  of  isolated  ionized  vacancies.  On  the  same 
foot,  the  neutrality  equation  simply  reads 

[A^J  -  [(A^VO'],  (.V 

where  p  is  the  hole  carrier  concentration.  Now 
the  incorporation  of  acceptor  on  anion  sites  from 


the  gaseous  phase  and  the  generation  of  vacan¬ 
cies  can  be  expressed  in  the  usual  mass-action 
formalism: 

p[A^]  =/v,[A,][v;;l.  (4) 

where  [A^.]  represents  the  activity  of  the  accep¬ 
tors  in  the  external  phase.  is  the  neutral 
vacancy  state,  K,  is  the  incorporation  constant  of 
acceptors  in  the  ionized  state.  and  Af,,  are 
the  ionization  constants  of  the  vacancy  and  n,  is 
thi  itrinsic  carrier  concentration.  Finally,  the 
hole  carrier  concentration  is  obtained  from  (.^). 
by  using  (2).  (4)  and  (5): 

^i[A,]lv[;]  ['  ■ 

/)=  - ‘  - .  (6) 

\l+A',A,A'„A'„Jv^j-[A^j/,>:  I 

This  c.xpre.ssion  causes  the  appearance  of  a  maxi¬ 
mum  carrier  concentration  at  high  doping  level 
given  by 

p„  =  nr/(/v-,/v„,/C„,[V[;])'  -.  (7) 

A  plot  of  the  relationship  ((i)  cannot  be  made 
directly,  because  the  various  reaction  constants  A 
are  largely  unknown.  The  concentration  [V[^']  is 
related  to  the  activity  of  X  in  the  external  phase 
(vapour  pressure)  and  does  not  depend  on  impu¬ 
rity  content,  but  its  accurate  evaluation  is  diffi¬ 
cult.  However,  it  is  possible  to  illustrate  the  be¬ 
haviour  considered  here  by  introducing  the  total 
impurity  concentration  in  the  solid: 

^  =  [Ax]  +  [(A^VO  ].  (S) 

Then,  using  p„,  from  Eq.  (7)  as  a  parameter,  an 
expression  equivalent  to  (b)  can  be  obtained  un¬ 
der  the  implicit  form 

p(  1  -I-  p-/p,;, )  =  /V,  ( 1  -  p\/p„', ) .  ( i)) 

This  relation  is  plotted  in  Fig.  I  as  p  =  f\N^)  by 
taking  p^=  10'^  cm  '.  the  maximum  doping 
value  of  ZnSe :  N  most  often  quoted  in  the  litera¬ 
ture. 

The  doping  limitation  expressed  in  Eq.  (7)  has 
previously  been  invoked  [1.4]  to  account  for  the 
maximum  free  carrier  concentration  observed  in 
a  number  of  semiconductors  and  related  to  a 
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Fig.  1.  Thforelical  variations  of  free  carrier  concentration 
versus  total  impurity  concentration  in  acceptor  doped  ZnSe. 
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Fig.  Scheme  of  valence  band  affected  by  potential  Huclua- 
lions  in  a  compensated  semicimductor. 


Fermi  stabilization  energy  [14],  In  the  specific 
case  of  Il-Vl  compounds,  saturation  of  free  car¬ 
rier  concentration  has  been  reported  several 
times.  Thus  Khun  [15]  oKserved  that  the  hole 
concentration  in  As-doped  ZnTe  grown  by  Mct- 
alorganic  vapour  phase  epitaxy  (MOVPE)  lev¬ 
elled  off  at  approximately  10'’^  cm  '  as  the  par¬ 
tial  pressure  of  tertiarybutylarsenic  increases  by  a 
factor  of  five.  Oiu  et  al.  also  noted  that  in  N-doped 
ZnSe  the  net  acceptor  concentration  bceomes 
nearly  independent  of  nitrogen  density  above 
some  concentration  value  [.^].  Detailed  electrical 
measurements  on  p-type  N-doped  ZnSe  films 
have  been  reported  by  Yang  et  al.  [lb].  Analysis 
of  the  data  has  allowed  the  authors  to  determine 
separately  the  concentration  of  acceptors  and 
compensating  donors  ,V,,.  These  results  are  re¬ 
plotted  in  Fig.  2  in  the  form  of  the  net  acceptor 
concentration  -  V(,  as  a  function  of  -t-  A,,. 


I  ig.  2.  t-^xperimunliil  variiitions  of  net  acceptor  concentration 
and  hole  mobility  versus  total  charged  centre  concentration 
(from  1  Kill. 


In  the  spirit  of  the  above  analysis,  we  assume  that 
A/|,  is  the  concentration  of  defect-impurity  pairs, 
so  that  A/^  -h  /V’„  represents  the  total  nitrogen 
concentration  in  the  films.  It  is  seen  that  :\\  -  .V,, 
remains  nearly  constant  as  -t-  .V,,  increases  by 
a  factor  of  five.  Beyond  this  plateau.  .\\  -  .V,, 
seems  to  increase  again,  but  this  part  corre.sponds 
to  a  different  conduction  regime  evidenced  by  the 
sharp  drop  in  hole  mobility,  suggesting  impurity 
band  conduction.  The  specific  case  of  high  dop¬ 
ing  will  be  considered  in  the  next  section. 


3.  Behaviour  at  high  doping 


In  compensated  semiconductors,  statistical 
lluctuations  in  local  impurity  concentrations  lead 
to  a  random  distribution  i)f  potential  wells  and 
potential  hills  in  the  material  (Fig.  .2).  Free  car¬ 
rier  accumulate  in  the  wells,  which  reduces  the 
electrical  conduction  above  the  mobility  edge. 
The  theory  of  potential  lluctuations  in  compen¬ 
sated  semieonductors  has  been  developed  by 
Shkiovskii  and  Efros  [17].  In  a  Gaussian  appnixi- 
mation.  the  potential  distribution  is  given  by 

1  I  ( -  I-.  Y  \ 

r(  -  i:j  =  —exp  -  ^ ^  .  ( lo) 

■yvTT  [  y~  I 

The  mean  fluctuation  of  the  impurity  number  in 
a  volume  /?'  is  [( ']'  '.  so  that  the 
asswiated  potential  tluctuation  is 
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where  q  is  the  electronic  charge  and  ee„  is  the 
material  permittivity.  It  is  expected  that  long 
range  fluctuations  are  screened  by  free  carriers, 
which  allows  one  to  define  a  screening  radius 
by  equating  p  to  the  mean  excess  impurity  con¬ 
centration  in  volume 

P=[{N,^  +  N^)Rl]''-/Rl.  (12) 

Now  the  standard  deviation  y  is  taken  equal  to 
the  potential  fluctuation  AE^  (Eq.  (ID)  associ¬ 
ated  with  the  screening  radius  R^  (Eq.  (12)).  This 
allows  us  to  express  y  as  a  function  of  p  and 

yoc(A(„  +  N„)-"Vp'"’.  (13) 

The  potential  distribution  function  (10)  can  be 
used  to  compute  two  characteristic  average  car¬ 
rier  concentrations  in  the  system.  First  the  total 
carrier  concentration  is  given  by 


xexp  - 


(14) 


where  is  the  valence  band  density  of  states 
and  is  the  usual  Fermi  function.  Taking  p 
as  given,  equal  to  the  concentration  limit  p„  (Eq. 
(7)),  expression  (14)  gives  a  relation  between  y 
and  the  Fermi  level  position  Ef  -  E^^^.  Such  a 
relation  is  presented  in  Fig.  4  in  the  case  of  ZnSe 
at  .7()()  K  for  p^  =  tO''*  cm"’.  It  is  seen  that  the 
Fermi  level  rises  in  the  band  gap  as  y,  related  to 
I’y  1 13).  increases. 

The  measured  free  carriei  concentration  is 
defined  as  the  population  of  the  valence  band 
around  and  below  the  mobility  edge  taken  at 
[1«]: 


^-1  -  ^  v  )  1 

kT  /  y/ir 


Xexpl  -  ,  I  d£. 


(I-*!) 


Using  the  above  relation  between  £,  -  E^^^  and  y, 
the  effective  carrier  concentration  p^  is  com¬ 
puted  as  a  function  of  y,  i.e.  as  a  function  of  the 
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Fig.  4.  Fermi  level  posilion  versus  mean  potential  fluctuation 
in  compensated  acceptor-doped  ZnSe  with  total  carrier  con¬ 
centration  of  10''‘  cm 


total  charged  centre  concentration  /V.^  +  iV,,  (Eq. 
(13)).  The  result  of  this  calculation  is  given  by 
curve  2  in  Fig.  1,  which  shows  a  sharp  drop  of  the 
carrier  concentration.  The  assembling  of  the  two 
curves  in  Fig.  I  provides  the  general  relationship 
between  carrier  concentration  and  doping  level  as 
deduced  from  our  analysis. 


4.  Conclusions 

The  limits  of  doping  efficiency  in  ZnSe :  N 
have  been  examined.  Several  observations  indi¬ 
cate  that  defects,  more  probably  of  the  vacancy- 
type,  arc  generated  along  with  N  incorporation. 
Starting  from  this  fact,  a  model  of  acceptor  self¬ 
compensation  has  been  presented  which  predicts 
a  saturation  of  the  free  carrier  concentration,  in 
agreement  with  experimental  results.  On  the 
other  hand,  the  impurity-vacancy  pairs,  assumed 
to  be  the  self-compensating  centres,  may  be 
viewed  as  precursors  of  precipitation,  according 
to 

Ax  +  (AxVx)*  +  3Mm^(M,A,),.  (16) 

In  this  way  the  nitrogen  solubility  limit  would 
be  associated  with  the  formation  of  the  second 
phase  Zn,N2.  This  bound  was  theoretically  con¬ 
sidered  in  ref.  [12]  and  evaluated  to  near  lO’" 
cm  ’.  Thus  the  solubility  limit  does  not  appear  to 
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fix  the  maximum  doping  which,  in  our  analysis,  is 
accounted  for  by  a  self-compensation  mechanism. 

At  high  doping  levels,  more  complex  phenom¬ 
ena  come  into  play.  Potential  fluctuations  related 
to  the  random  distribution  of  donor  and  acceptor 
charged  species  lead  to  a  redistribution  of  free 
carriers  in  the  energy  bands  of  the  semiconduc¬ 
tor.  A  strong  decrease  of  electrical  conductivity 
can  then  occur,  as  analysed  in  this  paper.  Confir¬ 
mation  of  this  behaviour  has  been  given  [19], 
Furthermore  the  predicted  rise  of  Fermi  level 
(Fig.  4)  could  lead  to  partial  deionization  of  the 
nitrogen  acceptor  level.  This  aspect  has  not  been 
examined  here,  but  it  could  give  rise  to  significant 
conduction  through  the  acceptor  states.  This  is 
probably  the  case  for  the  highest  doped  samples 
studied  in  ref.  [16],  As  suggested  above,  impurity 
band  conduction  could  explain  the  simultaneous 
occurrence  of  a  strong  mobility  decrease  and  a 
slight  concentration  increase  (Fig.  2). 
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Abstract 

A  systematic  investigation  of  shallow  acceptor  levels  in  ZnSe  grown  hy  mi'lecular  beam  epitaxy  (MBF)  has  been 
performeil  using  low  teniocrature  photolumincscence  (PL)  measurements  as  a  function  of  excitation  level,  tempera¬ 
ture,  strain,  :md  laser  energy  (i.e..  selectively  excited  donor-acceptor  pair  lumineseence  or  .SPL).  Five  of  the  levels 
are  due  to  N.  Li,  As.  P.  and  O.  while  the  chemical  origins  of  two  levels,  denc'ted  A,  and  A  .,  have  not  vet  been 
determined.  The  A,  level  is  observed  in  undoped  material  after  annealing  using  diamond-like  f  (Dl.C)  caps,  while 
the  A;  level  is  <ihscrved  in  nominally  Na-doped  material.  The  ioniztition  energies  of  these  levels  are  aecuralely 
determined  from  the  temperature  dependence  of  the  band-to-acceptor  (e-A")  peak  positions,  accounting  for  strain. 
Those  energies  are  1 14. .3  +  ()..'i.  1 14.2  +  (1.3.  1 1 1.3  ±  0..s.  lOb.l  +  0.6.  65.0  ±  0.4.  S.S.4  z  0.5.  and  S3  -  3  rneV.  respee- 
tixely.  for  As.  Li.  N.  A,.  A,.  P.  and  O  in  unstrained  material.  .Severtil  excited  states  have  been  observed  in  SPL 
metisurements  for  As.  A ..  ().  and  P  for  the  first  lime.  The  excited  states  of  As.  O.  and  .A  .  fit  well  to  effeetive  mass 
theory,  while  those  for  P  do  not.  A  model  for  the  strain  splitting  of  shallow  acceptor-bound  excitons  has  been 
developed  and  confirmed  using  measurements  on  samples  whose  substrates  have  been  removed.  Haynes's  Rule  is 
shown  to  be  inapplicable  to  shallow  acceptors  in  ZnSe.  A  strain  splitting  of  the  (e-A"l  peak  for  As  or  Li  acceptors  in 
annealed  material  is  clearly  resolved  and  modeled. 


1.  Introduction 

Remarkable  progress  has  been  made  in  the 
last  few  years  in  the  p-type  doping  of  ZnSe  and 
related  materials,  particuhirly  with  regard  to  the 
use  of  N  plasma  doping  sources  during  MBt 
growth  [1.2].  However,  a  fundamental  under- 
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standing  of  the  ptist  diffieulties  in  doping  this 
material.  ;md  a  detailed  knowledge  of  the  behtiv- 
ior  of  various  acceptor  dopants  has  not  yet  been 
achieved,  Mtvreiner.  p-type  dtrping  levels  need  to 
be  lurlher  improved  in  both  metalorganic  chemi¬ 
cal  vapor  deposition  (MOC'VD)  and  molecular 
beam  epitaxy  (MBH)  material.  In  the  following, 
we  discuss  some  progress  in  these  directions, 
based  on  a  study  of  MBIi  maleritil  doped  with  ;i 
total  of  seven  different  acceptor  species.  A  highly 
accurate  and  reliable  method  of  determining  ac¬ 
ceptor  binding  energies  in  ZnSe  is  deseribed.  and 
then  applied  wherever  possible  to  these  levels. 
The  problems  with  pritrr  measurement  tech- 
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niqucs  are  hrietly  cliseussed  for  comparison;  in 
particular,  we  emphasize  the  lack  of  validity  of 
Haynes's  Rule  type  of  relationships  for  shallow 
acceptors  in  ZnSe.  Two  as-yet  unidentified  ac¬ 
ceptor  levels  are  observed  and  characterized;  at 
least  one  of  these  may  have  significant  future 
potential  as  a  dopant.  The  excited  states  of  sev¬ 
eral  of  these  levels  are  determined  and  compared 
to  effective  mass  theory.  The  effects  of  strain  are 
carefully  examined  and  shown  to  have  important 
effects  on  both  acceptor-bound  excitons  and 
band-to-aeceptor  transitions. 

2.  Results  and  discussion 

The  growth  and  doping  of  the  N-.  Li-.  As-.  P-. 
0-.  and  Na-doped  MBE-grown  ZnSe/GaAs  .sam¬ 
ples  used  in  this  study  is  described  in  refs.  [2-7]. 
respectively;  the  capping  and  annealing  proce¬ 
dures  used  to  introduce  the  "A|".  acceptor  dis¬ 
cussed  below  are  described  in  ref.  [Hj.  The  PL 
system  used  in  this  work  is  described  in  ref.  [‘^j. 

2.1.  .'Uriinitc  determimtian  of  acceptor  hindini’ 
enerKws  in  ZnSc 

Our  method  of  determining  acceptor  ground 
state  binding  energies  is  similar  to  that  which  has 
been  used  in  many  lll-V  materials,  and  is  based 
on  the  measurement  of  conduelion  band-to- 
acceptor  (e-A")  peak  positions  in  low  tempera¬ 
ture  PL  spectra  at  various  temperatures.  This 
method  has  rarely  been  applied  in  ZnSe.  perhaps 
because  of  concerns  voiced  in  ref.  [  HI]  cv)ncerning 
the  influence  of  acoustic  phonon  coupling  vm  the 
(e-A")  lineshape,  or  simply  because  the  (e-A") 
peaks  have  never  been  detected  at  liquid  He 
temperatures  in  bulk  or  homoepitaxial  Z.iSe. 
which  is  usually  n-type.  A  further  complication  in 
heteroepitaxial  material  is  the  necessity  to  ac¬ 
count  for  the  effects  of  strain,  which  we  show 
how  to  do  in  the  following.  Our  study  of  the 
(e-A")  peaks  as  a  function  of  temperature,  e.g.  in 
l.i-doped  MBL  material  [dj.  has  shown  that  these 
peaks  are  in  fact  frequently  observable  at  low- 
temperature  in  p-doped  MBL  samples,  even 
though  they  have  not  always  been  identified  as 


Energy  (eV) 

Fig.  I.  I’l.  spccini  uihIlt  Iovv  cxcii.iiinn  a-,  a  tuiK'lion  ol 
Icmpcratiirc  tor  a  liigh  rcsi'.tiviu  Na-Ui'pctl  /nSc  (ia.\s  lavci 
(see  rcl.  17)»  grown  al  7h0('  with  a  Sc  /n  hcam  ci|iii\alcnl 
prccMirc  ratio  ol  lour  and  .1  .V.i  Knud-.cn  cell  temperature  ol 
I7.n'('.  The  elemental  Na  source  was  uu.Us  .  pure,  and  the 
Na  concentration  in  the  sample  is  .'.O  '-"  111'  cm  \  Insirumen- 
lal  resolution  is  i).>  meV. 

siich  in  the  past.  We  have  alsv)  shown  that  the 
widths  of  these  peaks  agree  reasonably  well  up  to 
about  4.n  K  with  the  theoretical  1.8A.„T  depend¬ 
ence  (k|,  is  Bvtitzmann's  constant  and  '/'  the 
absolute  temperature)  expected  from  Eagles'  the¬ 
ory  of  (e-A")  lineshapes.  even  though  this  theviry 
ignores  phonon  coupling  [1  Ij. 

To  illustrate  the  method,  we  show  a  set  of  PL 
data  as  a  function  of  temperature  in  Fig.  I  for  an 
MBE  sample  which  was  doped  with  Na  [7].  The 
possible  origin  of  this  level  (which  might  not 
involve  Na)  is  discussed  below  in  section  2.2.  In 
Fig.  1.  we  clearly  observe  hath  the  (D"-A")  -ind 
the  (e-A")  peaks  a.s.sociatcd  with  this  level  at 
2.7086  ±  ().()()()4  (1.7  K)  and  2.72(r2  ±  ().()()(I4  eV 
(20.1  K).  respectively.  The  quenching  of  the  (D"- 
A")  peak  involves  the  thermal  ionization  of  the 
shallow  dimor  levels  into  the  conduction  band, 
while  the  broadening  v'f  the  (e-A")  peak  a)  high 
'/'  is  due  to  the  kinetic  energy  distribution  of 
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Fig.  2.  Posilidn  of  ihc  (c-A")  peak  in  the  sample  of  Fig.  I  as  a 
function  of  temperature.  The  filled  triangles  are  the  raw 
values,  and  the  open  circles  arc  corrected  for  the  temperature 
dependence  of  the  band  gap.  The  solid  line  is  a  least  squares 
fit  to  the  c(urected  data.  The  error  bars  (shown  tmly  on  the 
corrected  data  f  clarity)  are  "worst  case'*;  the  scatter  in  the 
data  and  results  of  various  fitting  prtKcdures  used  to  deter¬ 
mine  peak  positions  suggest  that  the  true  errors  are  signifi- 
canlb  less  than  those  indicated. 


oloctrons  in  the  conduction  band.  Wc  note  that  a 
trace  of  the  (c-A")  peak  is  detectable  even  at  1.7 
K.  similar  to  the  previously  discussed  case  of 
ZnSe :  Li  [d).  The  initial  anomalous  quenching  of 
this  peak  from  1.7-10  K  is  similar  to  that  we 
obsersed  for  ZnSe  :  Li.  and  can  been  e.xplained  in 
terms  of  temperature-dependent  non-radiative 
recombination  rates  [d).  The  identification  of  the 
(e-A")  peak  in  this  sample  has  been  confirmed 
using  intensity-dependent  measurements,  and  also 
with  magnetospectroscopy  in  the  similar  case  of 
ZnSe :  Li  [d]. 

The  position  of  the  (e-A")  peak  is  plotted  as  a 
function  of  lattice  temperature  (which  we  assume 
to  equal  the  electron  temperature  for  the  low 
excitation  conditions  used  in  this  work)  is  plotted 
in  Lig.  2  for  the  data  of  I'ig.  1.  Both  the  raw  data 
and  those  corrected  for  the  temperature  depend¬ 
ence  of  the  band  gap  determined  from  the  bound 
exciton  peak  positions  as  discussed  in  ref.  (d)  are 
shown.  The  solid  line  is  a  linear  fit  to  the  cor¬ 
rected  data,  which  has  an  intercept  of  1.1251  eV 
and  a  slope  of  ().()4.S  meV/K.  in  good  agreement 
with  the  theoretical  value  [II]  of  O.-SA ,,  =  0.043 
meV/K.  Lhe  use  of  this  linear  fitting  priwedure 
reduces  the  random  error  associated  with  the 


effects  of  noise  on  peak  position  determination 
by  a  factor  of  N''~  for  the  final  intercept,  where 
N  is  the  number  of  data  points  ( ,V  =  d  in  Fig.  2). 
yielding  a  con.servatively  estimated  uncertainty  of 
less  than  ±().()()017  eV  in  the  intercept.  The 
uncertainty  in  EJ,T)  introduces  some  additional 
error  (about  ±().(KX)2  eV.  based  on  EJ.T)  data 
for  24  samples),  but  this  error  is  systematic  rather 
than  random  and  therefore  affects  the  slope  more 
than  the  intercept,  which  varies  by  no  more  than 
±().()()()1  eV  for  various  EJ.T)  fits.  The  intercept 
is  just  A.^(T=  0)  -  where  E^  =  2.K218  eV  at 
7'=()  is  the  band  gap  of  unstrained  ZnSe.  and 
is  the  ground  state  acceptor  binding  energy. 
Uncertainty  in  Apt /'=  0)  (probably  ±().(K)().s  eV) 
affects  the  E^  values  obtained  from  our  analysis, 
but  does  so  equally  for  all  acceptors  and  does  not 
influence  the  overall  precision,  which  is  about 
±().()()()2  eV. 

The  above  analysis  would  apply  directly  to 
homoepitaxial  or  unstrained  bulk  material.  How¬ 
ever.  it  does  not  account  for  the  effects  of  ther¬ 
mal  expansion  mismatch  strain  on  this  relaxed, 
heteroepitiixial  material.  The  biaxial  tensile  strain 
in  this  type  of  sample  has  the  well-known  effects 
of  reducing  the  gap  and  of  splitting  the  valence 
band  into  separate  light  and  heavy  hole  hands, 
which  is  reflected  for  example  in  the  splitting  of 
the  free  e.xciton  peak  [12].  This  shift  and  splitting 
are  easily  resolved  and  accounted  for  in  the  exci- 
tonic  PL  and  renectance  spectra  of  this  sample 
(not  shown).  In  addition,  the  acceptor  level  itself 
is  expected  to  split  into  light  and  heavy  hole 
components,  which  can  be  estimated  in  the 
framework  of  perturbation  theory  [13].  Since  this 
expected  splitting  is  not  resolved  in  the  data  of 
Fig.  1.  it  is  necessary  to  determine  whether  the 
observed  peak  positions  correspond  to  the  light 
hole  level,  the  heavy  hole  level,  or  an  average  of 
the  two.  We  argued  in  the  case  of  Li  [d]  and  As 
[14]  acceptors  that  the  heavy  hole  component  is 
usually  dominant,  especially  at  about  10  K  and 
above.  This  is  so  because  the  splitting  is  relatively 
small,  so  that  the  effects  of  thermalization  into 
Ihc  light  hole  slate  are  generally  outweighed  by 
the  three  times  larger  oscillator  strength  of  tran¬ 
sitions  involving  the  heavy  hole  (|/nJ=3/2) 
states.  A  splitting  similar  to  the  expected  strain 
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Fii;.  3  PL  spcctni  under  mW  cm'  L'V  cxcluition  lor  a  4.4 
Mtn  thick  undoped  MHE  ZnSc  layer,  annealed  in  a  Z.n-rieh 
atmoephere  .liter  growth.  Instrumental  resolution  is  0.3  meV. 

splitting  has  even  been  resolved  in  the  ease  of  the 
(e-A")  peak  involving  P  aeeeptors  [15].  However, 
the  possibly  axial  symmetry  of  the  rather  unusual 
(see  below)  P-re!ated  eenter  makes  the  origin  of 
the  splitting  a  little  ambiguous  in  that  ease. 

F'ig.  ?i  provides  data  that  validate  our  assump¬ 
tion  unambiguously.  This  figure  displays  PL  spee- 
tra  as  a  function  of  temperature  for  an  undoped 
Ml3h  layer  that  was  annealed  under  a  Zn  over¬ 
pressure  for  30  min  at  5(K)°C  in  a  “leaky  tube" 
diffusion  system  designed  for  Zn  diffusion  into 
Ill-V  materials  [16].  An  unintentional  result  of 
this  particular  anneal  was  the  introduction  of  an 
acceptor  level  due  to  Li  or  possibly  As  (which 
have  virtually  indistinguishable  binding  energies, 
as  discussed  below).  A  second  effect  of  the  an¬ 
neal  was  an  increase  over  the  normal  amount  of 
thermal  tensile  strain  in  the  material,  due  to 
relaxation  of  the  increased  thermally-induced 
mismatch  at  the  annealing  temperature.  The  in¬ 
creased  strain  produces  a  larger  than  "normal" 
splitting  in  the  (e-A")  peak,  which  is  clearly  re¬ 
solved  in  the  1.7  K  PL  spectrum.  The  observed 


splitting  is  2.0  ±  0.4  meV.  Given  the  observed 
free  exciton  splitting  of  3.8  ±0.15  meV  in  this 
sample,  the  ratio  of  the  experimental  splittings 
yields  the  shear  deformation  potential  of  the  ac¬ 
ceptor-bound  hole  as  /?'=  -0.56  +  0.11  eV.  This 
value  is  in  fair  agreement  with  the  theoretical 
value  of  h'  =  -0.81  eV.  calculated  using  the  the¬ 
ory  of  ref.  [13]  and  the  parameters  in  ref.  [Oj. 
Even  at  1.7  K.  the  higher  energy  heavy  hole 
component  is  dominant  (which  should  be  even 
more  true  in  cases  with  smaller,  unresolved  strain 
splittings).  The  peak  that  grows  to  dominance  at 
high  T  can  be  definitely  traced  to  the  heavy  hole 
rather  than  to  the  light  hole  component  at  low  / . 
To  our  knowledge,  this  is  the  first  directly  re¬ 
solved  observation  of  the  strain  splitting  of  an 
acceptor  level  in  the  PL  spectrum  of  any  com¬ 
pound  semiconductor.  We  also  note  the  observa¬ 
tion  of  a  lower  energy  doublet  (e.g.  at  2.7(M((I  and 
2.7020  ±  0.0004  eV'  at  20  K).  which  we  tentatively 
attribute  to  reeombination  between  donors  in 
their  first  excited  state  and  holes  on  the  light  and 
heavy  hole  acceptor  levels.  This  excited-state 
donor-to-acceptor  recombination  mechanism  has 
been  previously  reported  in  GaAs  and  InP  [17]. 

Based  on  the  above  experimentally  determined 
shear  deformation  potential,  we  can  return  for 
example  to  the  data  of  Fig.  I  and  estimate  a 
1.6  +  0.3  meV  splitting  of  the  acceptor  level  from 
the  oKserved  2.8  meV  X,,,,/X|„  splitting  in  that 
sample.  The  X,,,  peak  position  in  this  sample  is 
shifted  3.2  meV  to  lower  energy  than  the  bulk 
value,  implying  a  light  hole  band  gap  F.jl*'  =  2.8186 
eV.  The  intercept  observed  above  then  implies 
that  ( =  02.0  ±  0.2  meV.  which  is 
added  to  the  1.5  meV  (i"*'  — L'”')  splitting  to 
yield  the  binding  energy  of  the  light  hole  aeceptor 
level  in  the  strained  material  as  04.4  ±  0.4  me\'. 
Finally,  the  binding  energy  in  unstrained  material 
can  be  calculated  following  ref.  [0],  using  the 
experimental  h'  value  given  above,  to  yield  05.0 
±  0.4  meV.  The  latter  value  is  the  one  we  quote 
as  characteristic  of  the  level,  since  the  strain 
varies  in  different  types  of  material.  Using  the 
same  procedures,  we  have  determined  the  bind¬ 
ing  energies  of  six  different  levels,  which  are 
listed  in  Table  1.  (The  value  for  O  is  based  on 
data  at  only  two  temperatures,  which  were  fit 
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Fig.  4.  Rcpresenliilivo  PI.  spcctr;i  al  ~  25  K  under  low  level 
I'V’  excitation  for  ;i  sericx  of  MBE  ZnSe/CiaAs  samples 
doped  with  different  acceptors  (five  samples)  or  annealed 
after  growth  (one  sample).  Both  <D"-A")  and  (e-A")  peaks 
and  their  phonon  replicas  are  visible  in  each  case. 


with  a  fixed  slope  equal  to  the  theoretical  value. 
A  different  value  of  h'/h  =  0.84  was  used  for  the 
P  acceptor,  based  on  the  directly  resolved  split¬ 
ting  of  this  level.)  Where  reliable  previous  esti¬ 
mates  arc  available  for  a  given  level,  they  are 
generally  in  good  agreement  with  these  values, 
and  where  we  obtained  good  quali  v  data  for  the 
same  acceptor  in  several  samples,  the  spread 
among  values  obtained  from  them  is  within  the 
quoted  error  limits.  To  further  illu.stratc  the  type 
of  daia  on  which  these  values  are  based,  we  show 
PL  spectra  in  Fig.  4  for  samples  doped  with  each 
of  those  six  levels  at  a  fixed  temperature  of  2.‘'-26 
K.  where  both  the  (D"-A‘')  and  (e-A")  peaks 
are  visible  in  every  case.  Full  temperature- 
dependent  data,  however,  were  always  used  in 
the  determination  of 

Previous  determinations  of  acceptor  binding 
energies  in  ZnSe  have  generally  been  based  on 
other  techniques,  such  as:  (1)  estimates  based  on 
(D"-A")  peak  positions  at  some  fixed  excitation 


level,  arbitrarily  assuming  a  value  for  and  the 
Coulomb  term,  (2)  estimates  based  on  the  local¬ 
ization  energy  of  the  neutral  acceptor-bound  ex- 
citon  (I  I )  peak  using  "Haynes's  Rule"  [18],  (.4)  fits 
to  the  positions  of  discrete  donor-acceptor  pair 
lines  in  bulk  or  homoepitaxial  material,  with  as¬ 
sumed  values  of  the  dielectric  constant,  or  (4) 
estimates  based  on  measurements  of  the  ground- 
state-excited  state  separation  energies,  in  con¬ 
junction  with  effective  mass  theory.  The  first 
method  is  subject  to  considerable  uncertainty  in 
the  value  of  the  Coulomb  term,  which  generally 
depends  on  the  excitation  level,  the  doping  level, 
and  the  non-radiative  recombination  rates;  the 
particular  donor  ionization  energy  to  use  in  a 
given  sample  is  also  usually  unknown.  The  second 
method  is  completely  unreliable  to  distinguish 
between  different  shallow  acceptors  in  ZnSe,  as 
we  have  pointed  out  previously  [*)].  The  reason  is 
that  the  exciton  localization  energy  is  not  a  linear 
function  of  acceptor  binding  energy  in  this  (or 
most  other  direct  gap)  materials,  contrary  to  the 
very  early  claim  by  Halsted  and  Aven  [19], 

The  third  method  can  yield  rea.sonablc  re.sults 
in  bulk  material  if  the  appropriate  dielectric  con¬ 
stant  is  well  known  and  a  good  quality  fit  to 
well-resolved  data  can  be  obtained.  However,  the 
quality  of  discrete  pair  line  spectra  is  rarely  ade¬ 
quate  in  modern  heteroepitaxial  material,  and 
our  method  is  more  reliable  in  that  it  does  not 
depend  on  the  dielectric  constant.  The  fourth 
method  is  subject  to  several  problems,  including 
uncertainties  in  the  valence  band  parameters,  the 
question  of  how  to  incorporate  (/-dependent 
.screening  and  central  cell  "corrections"  into  ef¬ 
fective  mass  theory,  and  the  accuracy  of  the  the¬ 
ory  in  general.  We  conclude  that  the  present 
method  is  the  best  available  one  to  determine 
binding  energies  in  an  accurate  and  reproducible 
way.  Uncertainties  in  do  affect  the  results,  but 
do  so  equally  for  all  acceptors. 

2.2.  Excited  Mates  of  shallow  acceptor  lerels  in 
ZnSe 

We  have  determined  the  energy  separations 
between  the  ground  state  and  several  excited 
states  for  several  acceptors,  including  four  that 
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have  not  been  studied  in  this  way  previously.  The 
experimental  method  is  selectively-excited  do¬ 
nor-acceptor  pair  luminescence  (SPL)  [20].  The 
experimental  data  will  be  presented  elsewhere 
(see  ref.  [14]  for  the  As  case).  The  results  are 
summarized  in  Table  1.  Strain  splittings  are  gen¬ 
erally  expected  in  the  data  and  some  splittings 
were  experimentally  resolved,  but  the  values  in 
Table  1  are  not  corrected  for  strain  and  represent 
average  values  in  strained  material.  The  identifi¬ 
cations  of  particular  states  are  based  on  compar¬ 
isons  with  effective  mass  theory,  and  on  the  theo¬ 
retical  expectation  that  transitions  involving  even 
parity  states  should  be  the  strongest  ones  in  the 
spectrum. 

Calculations  using  effective  mass  theory  [21], 
with  the  Luttinger  parameters  of  ref.  [22]  and  an 
empirically  adjusted  dielectric  constant,  were  per¬ 
formed  to  compare  to  the  data;  details  will  be 
presented  elsewhere.  The  Is  central  cell  correc¬ 
tion  of  one  acceptor  was  taken  as  an  adjustable 
parameter,  and  the  correction  was  assumed  to  be 
zero  for  the  p-states  and  scaled  according  to  the 
probability  density  at  the  origin  for  the  higher  s 
wave  functions.  However,  it  was  not  possible  to 
achieve  a  good  fit  to  all  of  the  acceptors  simulta¬ 
neously,  even  by  adjusting  the  Luttinger  parame¬ 
ters.  Separate  adjustment  of  the  dielectric  con¬ 
stant  and  central  cell  parameter  for  each  accep¬ 
tor  was  however  quite  successful,  except  in  the 
case  of  P.  The  excited  states  we  observed  for  this 
acceptor  do  not  seem  to  follow  effective  ma.ss 
theory  at  all,  due  perhaps  to  the  possibility  that 
this  level  may  involve  a  complex. 

2.3.  Obsen  ation  of  new  .shallow  acceptor  levels 

The  "A  2”  acceptor  level  observed  in  the  Na- 
doped  MBE  sample  of  Figs.  1  and  2  is  not  the 
~  124  meV  level  usually  assigned  to  Na  in  bulk 
material  [23],  although  it  may  be  the  same  as  the 
one  observed  in  ref.  [24]  and  speculatively  at¬ 
tributed  there  to  a  Na/„-Vs^.  complex.  Since  only 
a  donor-to-acceptor  (D"-A")  peak  was  observed 
in  ref.  [24],  whose  position  can  vary  considerably 
with  excitation  and  doping  levels,  we  cannot  be 
certain  if  it  is  the  same  level.  Previous  studies  of 
Na-doped  MBE  material  [7,25]  also  reported  a 


(D'-A’)  peak  similar  to  the  one  observed  here 
and  in  ref.  [24],  but  did  not  observe  the  (e-A") 
peak  that  allows  us  to  evaluate  its  binding  energy 
accurately.  Other  alkali  metals  such  as  K  are 
common  contaminants  in  Na  [25],  and  could  be 
the  origin  of  this  level.  Further  work  is  in  progress 
to  determine  if  the  level  in  fact  involves  Na,  K, 
some  other  impurity,  or  a  complex. 

The  A I  acceptor  level  described  in  Table  1 
was  originally  observed  in  ref.  [8],  although  it  was 
mistakenly  identified  there  (on  the  basis  of  the  1 , 
peak  position)  as  Li.  The  insensitivity  of  1,  local¬ 
ization  energy  with  respect  to  makes  the  1 , 
peak  position  an  unreliable  means  of  identifying 
acceptors,  especially  in  strained  material.  This 
level  is  observed  only  in  samples  that  have  been 
subject  to  a  rapid  thermal  anneal  after  encapsula¬ 
tion  with  a  diamond-like  C  film,  as  described  in 
ref.  [8].  Otherwise  identical  anneals  using  other 
capping  materials  such  as  SiO,  and  SiN^  never 
produced  this  level,  and  it  has  not  been  previ¬ 
ously  reported  in  the  literature,  to  our  knowl¬ 
edge.  A  5  s  anneal  at  5()0°C  produced  relatively 
weak  PL  features  related  to  this  acceptor,  while  5 
s  anneals  at  550  and  6()0°C  produced  stronger 
peaks.  These  results  imply  that  the  impurity  in 
question  diffuses  reasonably  rapidly  into  ZnSe. 
but  not  so  rapidly  at  low  temperature  that  it  is 
likely  to  be  unstable  (like  Li)  as  a  dopant.  The 
properties  of  this  impurity  suggest  that  it  might 
be  very  useful  as  a  new  p-type  dopant  in  ZnSe 
and  related  materials,  once  it  has  been  chemically 
identified.  Work  is  currently  in  progress  toward 
this  objective. 

2.4.  Strain  splitting  of  the  neutral  acceptor-bound 
exciton  emission  in  ZnSe 

Since  we  discussed  the  strain  splitting  of  the 
(e-A")  peak  above,  we  mention  here  that  we 
have  developed  a  detailed  model  of  the  strain 
splitting  of  the  1,  peaks  in  ZnSe,  including  the 
effects  of  hole-hole  exchange  interaction  and 
crystal  field  splitting  (the  effects  of  the  electron- 
hole  exchange  interaction  are  assumed  to  be  neg¬ 
ligible)  [9,14].  The  model  has  been  confirmed 
using  samples  whose  substrates  have  been  selec¬ 
tively  removed  to  release  the  thermal  strain  [15]. 
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A  more  detailed  discussion  will  be  given  else¬ 
where. 


3.  Conclusions 

Using  variable  temperature  PL  measurements 
and  the  SPL  technique,  we  have  been  able  to 
show  the  existence  of  seven  distinct  shallow  ac¬ 
ceptor  levels  in  ZnSe,  not  counting  the  previously 
investigated  ~  124  meV  Na  level  [23]  and  the 
~  56  meV  "S"  level  [26],  The  binding  energies 
have  been  accurately  determined  for  all  of  these 
levels  using  temperature-dependent  conduction 
band-to-acceptor  PL  peak  positions.  The  investi¬ 
gation  of  the  excited  states  using  SPL  has  shown 
that  As,  Li,  N,  and  the  "A,''  level  are  all  effec¬ 
tive  mass-like,  while  the  more  unusual  shallow 
P-related  acceptor  is  not.  Further  work  is  needed 
to  understand  the  fundamental  reasons  why  As 
and  P  have  not  yet  produced  p-type  conductivity 
in  spite  of  their  shallow  levels,  and  to  determine 
the  way  in  which  O  incorporates  to  produce  a 
shallow  acceptor  level.  It  is  also  important  to 
identify  the  chemical  origin  of  the  A,  and  A, 
levels.  In  particular,  there  seems  to  be  a  signifi¬ 
cant  probability  that  the  Aj  level  might  be  a 
useful  new  p-type  dopant.  Finally,  the  effects  of 
strain  on  the  acceptor-related  PL  features  in  het- 
eroepitaxial  material  have  been  observed  and 
.succe.ssfully  modeled. 


4.  Acknowledgments 

The  ASU  portion  of  this  work  was  supported 
by  the  National  Science  Foundation  under  Grant 
No.  DM R-9 106359.  We  thank  R.  Roedel  for  the 
use  of  his  leaky-tube  diffusion  system  for  the 
conventional  furnace  anneals. 


5.  References 

HI  R.M.  Park.  M.B.  Troffer.  C.M.  Rouleau.  J  M.  DePuydt 
and  M.A.  Haase,  Appl.  Phys.  Lett.  57  (l<Wn)  2127, 


[2]  J.  Oiu.  J.M,  DePuydt,  H.  Cheng  and  M..A  Haase.  Appl 
Phys.  Lett.  .59  ( 1991 )  2W2. 

[3]  H,  Cheng.  J.M.  DePuydt,  J.E.  Potts  and  T.L.  Smith. 
Appl.  Phys.  Lett.  .52  n9SK)  147. 

[4]  S.M.  Shibli.  M.C.  Tamargo.  B.J.  Skromme,  S.A.  Schwarz. 

C. L.  Schwartz.  R.E.  Nahory  and  R.J.  Martin.  J.  Vac.  Sci 
Technol.  B  S  (1990)  IS7. 

[5]  J.M.  DePuydt.  T.L,  Smith.  J.E.  Potts,  H.  Cheng  and  S.K. 
Mohapatra.  J.  Crystal  Growth  8h  (1988)  318. 

[6]  K.  Akimoto.  T.  Miyajima  and  Y.  Mori.  Phys.  Rev.  B  39 
(1989)  31.38. 

[7]  J.E.  Potts.  H.  Cheng.  J.M.  DePuydt  and  M.A.  Haase.  J. 
Crystal  Growth  101  (1990)425, 

18]  B.J.  Skromme.  N.G.  Stoffel.  A  S.  Gozdz.  M.C.  Tamargo 
and  S  M.  Shibli.  in;  Advances  in  Materials.  PriKessing. 
and  Devices  for  III-V  Compound  Semiconductors.  Eds. 

D. K.  Sadana.  L.E.  Eastman  and  R.  Dupuis  (Mater.  Res. 
Soc.,  Pittsburgh.  PA.  1989)  p.  391, 

[9]  Y.  Zhang.  B.J.  Skromme  and  H.  Cheng.  Phys.  Rev.  B  47 
(1993)  2107. 

(ml  P.J.  Dean  and  J.L  Merz.  Phys.  Rev.  178(1969)  1310. 

[1 1)  D.M.  Eagles.  J.  Phys.  Chem.  Solids  16  (1960)  76. 

H2]  T.  Yao.  Y.  Okada.  S.  Matsui.  K.  Ishida  and  J.  Fujimoto. 

J.  Crystal  Growth  81  (1987)  518. 

(13)  M.  Schmidt.  Phys.  Status  Solidi  (b)  79  (1977)  .533, 

1 14]  Y.  Zhang.  B.J.  Skromme.  S.M.  Shibli  and  M.C.  Tamargo. 
Phys.  Rev.  B  48  (1993)  10885, 

115]  Y,  Zhang.  B.J.  Skromme  and  H.  Cheng,  in:  Semiconduc¬ 
tor  Helerosiruclures  for  Photonic  and  Electronic  Appli¬ 
cations.  Mater.  Res.  Soc.  Symp.  Proc.  281.  Eds.  D.C. 
Houghton.  C.W.  Tu  and  R.T.  Tung  (Mater.  Res.  Soc.. 
Pittsburgh,  PA.  1993)  p.  ,567. 

[16]  R.J.  Roedel,  J.L.  Edwards.  A.  Righter.  P.M.  Holm  and 
H.H.  Erkaya,  J.  Electrochem.  Soc.  131  (1984)  1726. 

(|7)  B.J.  Skromme  and  G.E.  Stillman.  Phys.  Rev.  B  29  (1984) 
1982. 

Il8l  J.R.  Haynes.  Phys.  Rev.  Lett,  4  (1960)  .361. 

(19]  R.E.  Halsled  and  M.  Aven.  Phys.  Rev.  Lett.  14(1965  )  64. 

(20)  H.  Tews  and  H.  Venghaus.  Solid  State  Common.  .30 
(1979)  219. 

(21]  N.O.  Lipari,  Phys.  Lett.  A  81  (1981)  75. 

(22)  H.  Venghaus.  Phys.  Rev.  B  19  (1979)  .3071, 

[2,3]  R.N.  Bhargava.  R.J.  Seymour.  B.J.  Fitzpatrick  and  S.P. 

Herko.  Phys.  Rev,  B  20  (1979)  2407. 

(24j  V.  Swaminathan  and  L.C,  Greene,  Phys.  Rev.  B  14(1976) 
.5.351. 

(25)  J.M.  DePuydt.  T.L.  Smith.  J.E.  Potts.  H.  Cheng  and  S.K. 
Mohapatra,  J.  Crystal  Growth  86  (1988)  318. 

(26)  P.  Blanconnier.  J.F.  Hogrel.  A.M.  Jean-Louis  and  B. 
Sermage,  J.  Appl.  Phys.  52  (1981)  6895. 

(27)  K.  Shahzad.  B.A.  Khan,  D.J.  Olego  and  D  A,  Cammack. 
Phys.  Rev.  B  42  (1990)  11240. 

(28)  H,  Tews.  H.  Venghaus  and  P.J.  Dean,  Phys.  Rev.  B  19 
(1979)5178. 

(29)  P.J.  Dean.  B.J,  Fitzpatrick  and  R.N.  Bhargava.  Phys. 
Rev.  B  26  (1982)  2016. 


8 


CRYSTAI- 

GROWTH 


ELSEVIER 


Journal  ot  (  ryslal  Growth  I3S  i  I^y4)  3 IK- 323 


Acceptor  state  instabilities  in  ZnSe  under  hydrostatic  pressure 

D.J.  Strachan  M.  Ming  Li  ",  M.C.  Tamargo  B.A.  Weinstein  *  ' 

"  Dcpartmi’tu  i>f  Physics.  h'rtmczuk  fhill.  SV\'y.  Rufj'ulo,  .\Vn‘  Yttrk  N26H.  L'.S.A 
Dipartmem  of  Chemistry.  City  College  of  CWY.  \eie  York.  Sew  York  IOO.il.  U.S.-i 


Abstract 

Phololumincsccncc  experiments  on  ZnSe  doped  with  P  and  As  have  been  conducted  at  high  pressure  and  lo" 
temperature.  We  find  evidence  that  deep  states  arising  from  these  impurities  become  unstable  between  15  and  25 
khar.  Although  our  results  arc  not  yet  definitive,  some  interesting  implications  for  current  models  are  discussed. 


The  study  of  impurities  in  semiconductors  has 
benefited  from  high  pressure  experiments,  which 
often  allow  band-edge  assignment  of  shallow  lev¬ 
els.  and  can  reveal  deep  levels  that  are  resonant 
with  the  electronic  continuum  at  1  atm.  Although 
this  is  well  established  for  donors  in  group  IV 
and  Ill-V  materials  (a  prime  example  being  the 
shallow-to-deep  transition  of  the  DX  center  in 
GaAs),  there  are  few  pressure  studies  of  accep¬ 
tors,  especially  in  H-VI  compounds.  For  accep¬ 
tors  it  is  possible,  depending  on  the  valence  band 
deformation  potential,  to  have  deep-to-shallow 
transitions,  i.c..  the  converse  of  the  DX  center. 
This  possibility  is  quite  intriguing,  given  the  inter¬ 
est  in  realizing  high  conductivity  p-type  ZnSe  for 
photonics,  and  the  suggestion  that  DX-like  traps 
may  inhibit  this  [1], 

Previous  photoluminescence  (PL)  studies  on 
the  pressure  dependence  of  electronic  states  in 
ZnSe  have  concentrated  on  the  absorption  edge 
and  near  band-edge  PL  energy  regions  (2,3).  The 
prominent  spectral  features  -  direct  edge,  shal- 
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low  exciton  PL  lines  and  donor-acceptor  pair 
(DAP)  PL  lines  -  exhibit  pressure  coefficients  in 
the  6-7.3  me V /kbar  range.  Pressure  experiments 
on  deep  levels  in  ZnSe  have  been  limited  to  a 
preliminary  study  by  the  authors,  and  recent  work 
on  some  transition  metal  impurities  [4-6]. 

In  the  set  of  experiments  reported  here  we 
examine  the  effect  of  hydrostatic  pressure  on  P 
and  As  impurities  in  ZnSe.  We  are  lixiking  pri¬ 
marily  for  evidence  of  a  deep-to-shallow  transi¬ 
tion  which  might  be  assvK'iated  with  instability  in 
the  impurity  bonding  configuration.  Although  our 
results  are  not  yet  definitive,  some  interesting 
implications  for  current  models  are  discussed. 

Melt-grown  ZnSe :  P  and  modulation  doped 
epitaxial  ZnSe :  As  films,  both  with  as-grown 
atomic  impurity  levels  of  -  lO"'- 10'“  cm  '.were 
measured.  The  former  was  supplied  by  R.K.  Watts 
and  is  some  of  the  same  material  used  in  his 
original  I  atm  PL  and  electron  spin  resonance 
(ESR)  studies  [7,8].  The  ZnSe  ;  As  film  was  grown 
on  ((X)l)  GaAs  by  MBE  to  a  thickness  of  1.5  /am; 
this  has  been  described  elsewhere  [*)]. 

The  PL  measurements  were  performed  in  a 
hydraulically-driven  diamond-anvil  cell  (DAC) 
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placed  within  a  He-gas  circulation  cryostat  oper¬ 
ating  at  temperatures  of  7-300  K  [10];  the  pres¬ 
sure  was  determined  by  using  the  ruby  fluores¬ 
cence  method.  The  pressure  transmitting  medium 
was  a  4 ;  1  methanol :  ethanol  mixture.  Strain  gra¬ 
dients  in  this  medium  were  minimized  by  fre¬ 
quently  annealing  at  180  K.  Typically,  pressure 
changes  of  less  than  10  kbar  at  7  K  could  be 
accomplished  with  little  non-hydrostatic  broaden¬ 
ing  in  the  sharp  exciton  lines.  PL  excitation  was 
by  'O.l-lOmW  368  nm  Kr*  CW  laser  light 
focused  into  a  60  /xm  spot. 

The  PL  spectrum  for  the  ZnSe :  P  sample  at  1 
atm  (7  K)  consists  mainly  of  two  classes  of  DAP 
transitions;  band  I  at  2.7  eV  arises  from  shallow 
states,  and  band  2,  the  "red  band"  near  1.9  eV, 
involves  most  likely  (see  discu.ssion  below)  unin¬ 
tentional  shallow  donors  and  deep  acceptors.  In 
Fig.  1  the  shift  of  both  bands  to  higher  energy 
under  increasing  pressure  is  clear.  A  most  inter¬ 
esting  feature  is  their  separation,  which  decreases 
with  increasing  pressure.  This  indicates  that  the 
energy  position  of  the  "red  band"  is  increasing 
faster  than  the  direct  band  gap.  The  situation  is 
made  complicated  by  the  appearance  of  a  third 
peak  (band  3)  that  appears  between  the  other 
two.  As  the  pressure  increases,  this  band  grows  in 
intensity  at  the  expense  of  the  original  "red  band" 
which  cannot  be  resolved  above  25  kbar.  A  fur- 
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thcr  complication  appears  in  the  range  25-35 
kbar.  when  a  fourth  peak  (band  4)  becomes  evi¬ 
dent.  The  sequence  of  the  above  events  are  best 
illustrated  in  Fig.  2.  where  all  energy  positions 
have  been  determined  by  fitting  the  bands/lines 
to  Gau.ssian  profiles.  Least  squares  pressure  coef¬ 
ficients  (accurate  to  ±15^ir)  are  given  in  the 
figure.  These  pressure-induced  changes  in  the  PL 
spectrum  of  ZnSe ;  P  arc  reversible  until  55  kbar. 
when  all  the  PL  features  seem  to  undergo  a 
nonreversible  decrease  in  intensity. 

In  the  case  of  ZnSe: As.  both  a  red  and  a 
green  band  are  already  prc.sent  at  I  atm.  As  with 
the  ZnSe :  P  data,  the  gradual  transfer  of  oscilla¬ 
tor  strength  from  the  red  to  the  green  band  with 
increasing  pressure  (up  to  20  kbar)  is  evident.  In 
Fig.  3.  three  representitative  spectra  are  plotted 
at  different  pressures.  This  exchange  of  oscillator 
strength  from  red  to  green  PL  emission  was  easily 
seen  by  eye  in  ZnSe; As  upon  excitation  of  the 
sample  by  the  Kr  ‘  laser.  The  red  band,  although 
diminishing  in  intensity,  did  not  di.sappcar  as 
happened  with  ZnSe ;  P.  Fig.  4  shows  the  energy 
shift  with  prc.ssure  of  the  bands  in  ZnSe ;  As. 

Above  20  kbar  in  ZnSe ;  As,  there  is  a  precipi¬ 
tous  drop  in  the  intensity  of  the  acceptor  bound 
exciton.  At  the  same  time  the  near  edge  DAP 
band  originating  from  shallow  levels  narrows  to  a 
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single  line  (labeled  "new  band”),  losing  all  of  its 
phonon  structure.  The  absolute  intensity  of  this 
band  is  not  altered  significantly  by  this  process. 
In  this  pressure  regime  the  deeper  green  band 
disappears,  leaving  the  red  band  as  the  sole  re¬ 
maining  source  of  deep  broad-band  PL.  On  re¬ 
ducing  the  pressure  from  30  kbar,  all  of  the 
spectral  features  in  the  ZnSe:As  sample  return 
within  the  same  pressure  ranges,  but  at  reduced 
intensities.  This  indicates  only  partial  reversal. 

We  have  also  measured  the  temperature  de¬ 
pendence  of  the  PL  intensity  (/p, )  of  the  1.9  eV 
band  in  the  ZnSe :  P  sample  at  high  pressure.  Fig. 
.‘i  gives  the  observed  behavior  plotted  in  a  log(/p,  ) 
versus  \/T  format  for  this  deep  red  band  at  1 
atm  and  22.4  kbar.  The  thermal  quenching  activa¬ 
tion  energy  (obtained  by  fitting  to  the  standard 


formula  [11])  decreases  from  0.27  +  0.07  eV  at  1 
atm  to  0.13  ±0.07  eV  at  22.4  kbar.  The  1  atm 
result  agrees  with  the  0.3  eV  value  given  in  refs. 
[7]  and  [8].  The  pressure  variation  of  about  -6 
meV/kbar  for  the  deep  acceptor  ground  state 
implied  from  these  thermal  data  compares  favor¬ 
ably  with  the  more  rapid  pressure  shift  measured 
for  the  red  PL  band,  assuming  that  the  excited 
state  giving  rise  to  this  red  emission  follows  the 
conduction  band  edge. 

Watts  et  al.  [7,8]  found  direct  evidence  from 
ESR  results  that  P  substitutes  at  Se  sites,  and 
attributed  the  origin  of  the  red  band  lumines¬ 
cence  to  internal  transitions  of  the  P^,^^  acceptors. 
According  to  this  picture,  the  highly  localized 
acceptor  ground  state  is  expected  to  be  insensi¬ 
tive  to  pressure,  while  the  excited  state  should  be 


ENERGY  (eV) 

Fig.  3,  Measured  PL  spectra  of  ZnSe ;  As  al  7  K  and  various  pressures  belween  10.4  and  20.S  kbar. 
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Pressure  (kbar) 

Fig.  4.  The  pressure  dependence  of  the  PL  hand  maxima  in 
As-doped  ZnSe  at  7  K. 

conduction-band-like  and  correspond  to  a  normal 
tetrahedral  substitutional  site.  The  pre.sent  re¬ 
sults  are  fully  consistent  with  this  picture. 

A  more  recent  study  on  ZnSc  doped  with  P 
and  Ga  by  Davies  and  Nicholls  [12]  have  u.sed  an 
alternative  model  for  the  origin  of  the  deep  red 
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Fig.  5.  The  temperature  dependence  of  the  PL  intensity  of  the 
1.9  cV  red  band  in  ZnSe:P  at  pressures  of  1  atm  and  22.4 
khar. 


band  luminescence.  In  this  model  a  DAP  transi¬ 
tion  between  a  shallow  donor  and  a  local¬ 
ized  acceptor  level.  ~  0.6  eV  above  the  valence 
band,  is  responsible  for  the  1 .9  eV  emission.  The 


Q)  b)  c)  d> 

Fig.  h.  Finergy-Icvcl  diagram  showing  !wo  models  for  Che  pressure  dependence  of  ihe  deep  “red  *  PL  peak  in  ZnSe  :  P  relalive  lo  Ihe 
band  edges.  A*'  and  A*  denote  ground  and  excited  acceptor  levels  at  trigonal  sites;  A^  and  denote  tetrahedral  ground 
acceptor  levels  accessible  thermally  (Th).  or  via  the  Stokes  shifted  (SS)  PL;  SD  is  an  unintentional  shallow-donor  level,  (a),  (c)  and 
(b).  (d)  depict  the  models  of  refs.  [7)  and  |12).  respectively. 
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present  bulk  ZnSe :  P  samples  are  likely  to  con¬ 
tain  unintentional  donors,  and  for  this  reason  wc 
believe  the  Davies  and  Nicholls  model  is  more 
appropriate  for  these  bulk  specimens.  In  the 
ZnSe ;  As  samples  the  likelihood  of  Ga  diffusion 
from  the  GaAs  substrate  also  leads  us  to  favor 
this  alternate  picture. 

In  Fig.  6.  the  energy  level  diagrams  for  the 
Watts  ct  al.  model  are  shown  in  (a)  and  (c)  scaled 
to  represent  pressures  of  1  atm  and  .sO.  kbar 
respectively.  The  internal  transition  of  the  deep 
center  between  the  excited  state  (A* )  and  the 
Stokes  shifted  ground  state  (A^^)  that  results  in 
the  1.9  eV  emission  is  represented  by  the  down¬ 
ward  vertical  arrow.  Also,  the  energy'  level  dia¬ 
grams  for  the  Davies  and  Nicholls  model  are 
shown  in  (b)  and  (d)  for  the  same  pressures. 
Here,  the  donor-acceptor  pair  recombination  be¬ 
tween  a  residual  shallow  donor  (SD)  and  the 
Stokes  shifted  ground  state  of  the  deep  acceptor 
center  A^^  level  is  repre.sented  by  the  .slanted 
arrow.  In  both  models,  the  energy  of  the  deep 
acceptor  ground  state  is  assumed  to  be  relatively 
insensitive  to  hydrostatic  pressure,  while  the  ex¬ 
cited  state  follows  the  band  edge. 

For  ZnSe :  P  and  ZnSe :  As  our  results  indicate 
that  the  deep  acceptor  ground-state  level  and  the 
valence  band  edge  approach  each  other  at  the 
approximate  rates  of  -  l..*i  ±  (1.5  and  -2.5  ±0.5 
meV/kbar.  respectively.  These  values  have  the 
same  sign  as  the  pressure  derivative  of  the  accep¬ 
tor  thermal  ionization  energy  obtained  in  ZnSe :  P. 
but  are  two  to  four  times  lower  in  magnitude. 
Based  on  these  results,  a  deep-to-shallow  transi¬ 
tion  is  not  anticipated  by  a  simple  level  crossing 
mechanism  in  the  present  experiments. 

The  above  results  for  the  red  band  pressure 
coefficient  imply  a  value  of  -  1.2  +  ()..t  eV  h>r  the 
absolute  deformation  potential  (d/-,\  /d  In  D  of 
the  valence  band  in  ZnSe.  This  is  comparable, 
within  uncertainty,  to  the  -  1.4  ±0.2  eV  result 
obtained  by  Wasik  et  al.  [6].  Some  questions  still 
remain,  however,  about  the  validity  of  using  tran¬ 
sition-metal  states  (or  other  deep  states)  as  im¬ 
mobile  reference  levels.  These  questions  arise 
mainly  because  of  the  substantially  different  re¬ 
sults  produced  by  doping  with  heavy,  as  opposed 
to  with  light  transition  metals  [6], 


In  conclusion:  The  results  presented  in  this 
paper  do  not  indicate  a  high  pressure  deep-to- 
shallow  transition  for  P  and  As  acceptors  in  ZnSe. 
The  disappearance  and/or  changes  in  intensity 
of  the  red  and  green  bands  in  ZnSe :  P  and 
ZnSe :  As,  and  the  sudden  appearance  of  the 
“new  band"  in  ZnSe: As  at  the  expense  of  the 
green  band,  can  be  explained  straightforwardly  by 
instabilities  that  relax  the  bonding  configuration 
at  the  deep  acceptor  sites.  Another  possible  ex¬ 
planation,  however,  is  changes  arising  from  plas¬ 
tic  flow  in  the  ZnSe  lattice  [L5].  We  believe  that 
this  has  been  minimized  by  frequent  annealing  of 
strain  gradients  in  the  DAC  pressure  medium. 
Furthermore,  changes  due  to  plastic  flow,  such  as 
creation  of  stacking  faults,  should  not  be  re¬ 
versible,  even  partially.  This  is  in  contlict  with  our 
pre.ssure  cycling  results.  Indeed,  a  comparison  of 
the  LO(  /')  Raman  peaks  in  ZnSe  :  As  before  and 
after  the  pressure  PL  experiments  reveals  no 
increa.se  in  di.sordcr. 

The  energy  separation  between  the  deep  ac¬ 
ceptor  ground  state  responsible  for  the  red  PL 
band  and  the  valence  band-edge  is  found  to  de¬ 
crease  by  about  -  2.0  ±  0.5  meV /kbar  for  both  P 
and  As  acceptors.  This  corresponds  ti>  an  abso¬ 
lute  deformation  potential  of  -  1.2  ±0..^  eV  for 
the  valence  band  of  ZnSe.  a  result  which  tigrees 
well  with  the  recent  value  of  -  1.4  ±0.2  eV  re¬ 
ported  by  Wasik  et  al.  [6]. 

We  thank  D.J.  Chadi  for  initially  suggesting 
this  problem,  and  R.K.  Watts  for  supplying  the 
ZnSe :  P  samples.  Phis  work  was  supported  bv 
ONR  contract  No.  NOOOI4-S9-J-1797. 
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Abstract 

Optoelectronic  devices  in  the  blue  spectral  region  require  doped  ZnS.Se,  ,  layers  for  electrical  confinement  tind 
optical  waveguiding.  Since  ion  implantation  is  often  used  to  realize  heavy  doping  in  thin  layers,  we  implanted  gallium 
ions  with  different  do.ses  and  energies  into  ZnSe  and  ZnS,  Sc,  ,  (.v  <  0.4)  layers,  grown  by  melalorganic  vapor  phase 
epitaxy  (MOVPE)  on  GaAs.  Rapid  thermal  annealing  was  performed  after  SiO,  capping.  For  characterization,  we 
used  electron  probe  micro-analysis  (EPMA).  photoluminescence  (PL)  at  11  K.  Raman  spectroscopy,  far  infrared 
reflectivity  (F/R)  and  Hall  measurements.  In  ZnSe.  the  Oa  depth  profiles  remtiin  nearly  gaussiun  after  annealing, 
indicating  weak  diffusion.  PL  shows  that  both  the  overall  intensity  and  the  ratio  of  excitonic  to  deep  centre  emissions 
arc  maximum  for  annealing  at  S-sO^C  (.50  s),  implying  optimum  crystalline  quality  and  maximum  carrier  concentra¬ 
tion.  In  addition,  the  conductivity  is  maximum  (10  il  '  cm  ').  However.  FIR  reveals  a  heavily  doped  layer  at  the 
GaAs  interface,  which  is  assigned  tt)  the  annealing-induced  Zn  diffusion  into  the  substrate.  Furthermore,  the  PL 
spectra  show  donor-acceptor  pair  (DAP)  transitions  which  can  be  attributed  to  shallow  acceptors  due  to  complexes 
of  Ga  and  intrinsic  defects.  With  increasing  ion  dose  the  free  carrier  concentration  saturates  at  4x  111'  cm  ' 
probably  due  to  self-compensation  caused  i>>  zinc  vacancies  (V,„).  For  Zn.S,,  ,.Sei, EPMA  measurements  show  a 
diffusion  of  the  Ga  towards  the  surface,  while  S-  and  Ga-rich  surface  defects  appear  during  annealing.  After 
implantation  the  PL  spectra  show  deep  level  emissions  at  2.08  and  2..5.S  eV.  which  were  assigned  to  [Ga.,„-V/„1 
complexes  and  to  Zn.^^..  Optimum  annealing  seems  to  (Kxur  at  85()”C  for  .50  s.  resulting  in  a  maximum  PL  intensity 
with  strong  DAP  and  excitonic  contributions.  Similar  behaviour  was  observed  for  ZuSiuSe,,,..  Lip  to  now.  due  to  the 
diffusion  and  compensation,  the  implanted  and  annealed  ternary  layers  remain  semi-insulating. 


I.  Introduction 

There  has  been  much  effort  in  investigating 
ZnSSe.  because  it  is  a  promising  material  for 
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opto-clectronic  devices  (c.g.  lasers  and  light  emit¬ 
ting  diodes)  working  in  the  blue  region  of  the 
visible  spectrum  [1,2].  The  future  usefulness  of 
this  material  system  depends  on  the  ability  to 
achieve  low  resistivities  and  ohmic  contacts.  Since 
in  silicon  technology  ion  implantation  is  a  stand¬ 
ard  method,  it  may  also  be  a  potential  technology 
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to  achieve  highly  doped  ZnSSe,  although  a  higher 
implantation-induced  damage  might  be  expected. 
Efficient  shaping  of  carrier  concentration  in  het¬ 
erostructures  requires  knowledge  about  implanta¬ 
tion  profiles  and  their  diffusion  behaviour.  Be¬ 
sides  the  implantation  energy,  the  annealing  pa¬ 
rameters  play  an  important  role.  Yodo  et  al.  have 
reported  that  optimum  annealing  depends  mainly 
on  the  type  of  dopants  [3].  For  Li  and  Na  implan¬ 
tation  in  ZnSe,  they  found  that  optimum  anneal¬ 
ing  conditions  are  I  min  at  757°C  and  5  min  at 
557°C.  However,  for  do.ses  beyond  10*'^  cm"’,  the 
radiation  damage  cannot  be  removed  completely. 

In  this  work,  ion  implantation  of  Ga  into  ZnSSe 
was  used  for  the  first  time  to  investigate  the 
dependence  of  electrical  properties  on  ion  dose. 
We  have  chosen  gallium  in  order  to  compare  our 
results  with  those  of  other  groups  [4,5].  We  used 
EPMA  to  get  information  about  the  sulphur  ho¬ 
mogeneity  and  the  Ga  profiles  before  and  after 
annealing.  PL  spectroscopy  was  performed  to  get 
information  about  the  crystalline  quality,  the  stoi¬ 
chiometry  of  ternary  layers  and  transition  ener¬ 
gies  of  impurity  levels  in  the  band  gap.  Raman 
measurements  were  used  to  investigate  the  crys¬ 
talline  quality  of  the  layers  and  to  estimate  the 
carrier  concentration  optically.  Hall-effect  mea¬ 
surements  yielded  details  about  the  dependence 
of  electrical  properties  on  implantation  and  an¬ 
nealing  parameters. 

2.  Experimental  procedure 

The  layers  were  grown  on  semi-insulating 
GaAsiCr  substrates  (2°  off  (UK)))  by  atmospheric 
pressure  MOVPE  under  optimized  growth  condi¬ 
tions  (48()°C.  Vl/11  =  t  for  ZnSe  and  Vl/II  >  21 
for  ZnSSe)  using  diethylzinc,  diethylselenide  and 
hydrttgcnsulphide  as  precursors  [6].  To  achieve 
highly  homogeneous  layers,  a  rotating  susceptor 
was  used  [7].  We  investigated  nominal  sulphur 
contents  ,r  of  i)9r.  15%.  30%  and  40%.  The 
optically  determined  layer  thickness  was  4  ptm  for 
ZnSe  and  up  to  2  /um  for  ternary  material.  The 
critical  thicknesses  arc  about  150  nm  for  ZnSe 
and  90  nm  for  ZnS,,  ,,Se,|  s.;.  At  sulphur  contents 
beyond  30%,  e/^  is  below  20  nm  [8,9].  Thus  the 
layers  considered  in  the  present  work  are  fully 


relaxed.  After  growth,  the  layers  were  implanted 
with  Ga  ions  of  energies  between  120  and  340 
keV  in  a  low-current  implanter.  In  ord*'’-  'o  avoid 
channeling  during  implantation,  the  layers  were 
tilted  7°  off.  Subsequently,  rapid  thermal  anneal¬ 
ing  (RTA)  at  temperatures  about  850°C  was  per¬ 
formed.  To  avoid  desorption  during  annealing, 
the  layers  were  capped  with  150  nm  SiO,  which 
was  removed  by  40%  HE  afterwards.  The  EPMA 
measurements  were  carried  out  using  a  Cameca 
SX50  microprobe  at  electron  beam  currents  of 
about  100  nA.  energies  of  2-30  keV  and  a  beam 
cross  section  of  a  few  p.m’.  The  samples  were 
excited  at  normal  or  tilted  (60°)  incidence.  The 
total  power  was  about  1  mW.  and  consequently 
the  maximum  temperature  of  the  specimen  could 
not  exceed  100°C  [10].  By  varying  the  beam  en¬ 
ergy  and  the  till  angle,  definite  but  changing 
sections  of  the  dopant  depth  profiles  are  excited 
and  emit  characteristic  X-rays  [Ilj.  The  sheet 
dopant  concentration  and  the  first  two  statistical 
moments  of  the  profiles  have  been  determined 
from  the  Ga  La  intensities  by  means  of  theoreti¬ 
cal  calculations  ba.sed  upon  Monte  Carlo  (MC) 
simulated  electron  densities  [12].  In  contrast  to 
SIMS.  EPMA  docs  not  require  a  priori  informa¬ 
tion  on  the  implantation  dose  [12].  PL  measure¬ 
ments  have  been  performed  at  1 1  K  using  a 
HcCd  laser  of  325  nm  (3.81  eV)  wavelength  and  a 
SPEX  1704  monochromator  of  1  m  focal  length, 
giving  a  spectral  resolution  better  than  0.03  nm. 
The  excitation  density  was  about  0.1  W/cm^  For 
the  Raman  analysis  we  used  an  Ar-ion  laser.  In 
order  to  vary  penetration  depth  and  scattering 
efficiency,  the  laser  lines  were  varied  between 
514  and  457  nm.  Spectra  were  taken  in  backscat- 
tcring  configuration  I0(K010;(K)I  )T(K)  at  295  and 
77  K.  The  input  power  was  35  mW.  while  the 
focus  diameter  was  about  0.1  mm.  The  scattered 
light  was  analysed  with  a  SPEX  1402  double 
monochromator,  using  a  RCA  14(),34A-02  GaAs 
photomultiplier  and  an  optical  multichannel  anal- 
y,ser  (OMA)  for  the  detection.  The  spectral  accu¬ 
racy  was  ±0.15  cm"'.  Ohmic  contacts  to  the 
layers  have  been  realized  by  alloying  indium  dots 
at  .3()0°C  under  HCl  atmosphere.  Hall  measure¬ 
ments  in  Van  der  Pauw  configuration  were  per¬ 
formed  at  77  and  295  K. 
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3.  Results  and  discussion 

3.  /.  Depth  profiles  and  stoiehiomeiry 

To  get  more  information  on  the  diffusion  be¬ 
haviour  of  Ga  in  ZnSe.  we  investigated  .samples 
which  were  uniformly  implanted  with  7  x  lO'' 
cm  '  Ga  at  300  keV  and  annealed  for  30  to  80  s 
at  temperatures  between  700  and  000°C.  The 
sheet  Ga  concentrations  measured  by  EPMA  af¬ 
ter  annealing  are  listed  in  Table  1.  Obviously,  the 
implanted  Ga  is  partly  out-diffused  during  the 
annealing  process.  This  effect  depends  strongly 
on  annealing  temperature,  but  only  weakly  on 
annealing  time.  From  this  we  conclude  that  the 
main  part  of  the  out-diffusion  takes  place  in  the 
early  stage  of  the  anneal,  which  can  be  e.xplained 
by  diffusion  of  Ga  through  the  SiO,  cap.  Addi¬ 
tionally,  the  EPMA  measurements  revealed  an 
increased  Ga  surface  concentration  after  the  an¬ 
neals.  Depending  on  annealing  temperature,  this 
increase  corresponds  to  a  segregated  surface  cov¬ 
erage  of  up  to  1.2  X  lO'''  cm  ^  Apart  from  the 
surface  concentration  the  Ga  profiles  remain  lo¬ 
calized  with  a  diffusion  length  of  about  .‘'0  nm  for 
the  anneal  at  ‘fOlfC  for  6(1  s.  for  instance.  We 
reported  recently  [13]  that  implantation  profiles 
of  Ga  in  ZnSe  are  approximately  gaussian  since 
the  third  moment  ratio  is  sufficiently  low. 

For  .V  >  0.3.  annealing-induced  diffusion  of  Ga 
towards  the  surface  is  the  predominant  effect. 
The  Cia  profile  is  now  located  at  the  surface  113]. 
Additionally,  the  surface  cjuality  is  degraded. 
Scanning  electron  microscopy  (SFM)  scans  show 
clearly  droplets  with  a  diameter  of  about  0.,s  ^m. 
XPS  and  AFS  measurements  revealed  that  these 
droplets  are  Ga-  and  S-rich. 
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Fi>:.  1.  rAcilonic  emis>ii»ns  i>t  7.nSe:(ia.  impl.inleJ  ssith  an  ion 
cnergs  ol  1^0  ke\'  and  annealed  at  S.s()  C'  tor  .'D  t  A> 
as-iirossn:  (H)  not  implanted,  annealed.  tC  )  like  (B).  ssith 
indinm  conl.iel:  ll>t  (la-implanted  and  annealed:  tl:)  like  tl)). 
ssith  indium  etfiitaet, 

liPMA  analysis  of  the  Sc  l.o  and  S  Ko  inten¬ 
sities  in  ternary  layers  before  annealing  yields  .1 
sulphur  content  of  33'f  and  37' <  for  the  layers 
denoted  as  ZtiSn  iSe,,-  and  ZnS,,  iSe,,,..  respec¬ 
tively.  According  to  SIMS  measurements,  the  Zn. 
S  and  Se  cirncentrations  are  homogeneous  in  the 
growth  direction.  However,  the  measurements  in¬ 
dicate  a  slightly  reduced  S  content  after  anneal¬ 
ing. 

3-2.  Crystalline  (inality  and  transition  energies  ol 
imparities 

Fig.  I  shows  the  e.xcitonic  spectra  of  ZnSe  :  Ga. 
All  samples  annealed  for  3(1  s  at  S.stl'C'  exhibit  a 
peak  called  I'/''"''  at  2.78(1  eV.  which  can  be  as¬ 
signed  to  excitons  bound  to  [14).  For  non-im- 
planted  layers,  this  effect  could  probably  be  ex- 
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plained  by  a  thermally  indueed  increase  ol'(V/„j 
[15]  due  to  annealing.  The  spectra  of  Ga-im- 
planted  samples  show  a  mc^c  intense  emis¬ 
sion.  This  is  correlated  with  the  enhanced  forma¬ 
tion  of  zinc  vacancies  in  oresence  of  Ga  donors, 
which  is  well  known  from  MBE-grown  and  in-situ 
doped  layers  [5].  The  intensities  of  the  transitions 
denoted  1,  and  are  maximum  for  Ga-im- 
planted  layers  and  the  ratio  I,/I^  is  constant. 
Non-implanted  annealed  layers  (B.  C)  show  no 
significant  change  in  1 ,  and  1,  intensities,  merely 
the  free  excitonic  transitions  weakened.  Apart 
from  a  further  decrea.se  of  the  free  .  vciton  inten¬ 
sity,  samples  with  alloyed  indium  contacts  (C.  H) 
exhibit  the  same  spectra.  From  the  spectra  in  f-ig. 
1.  the  behaviour  of  the  1^  emission  implies  its 
correlation  to  Ga  donors.  Besides  the  peaks  in 
Fig.  I.  there  are  in  Ga-implantcd  ZnSe  four 
transitions  at  2.666.  2.697.  2.714  and  2.746  cV. 
Since  donor  to  valence  band  transitions  (D"-h) 
arc  suppressed  [16],  only  donor  to  acceptor  (D"- 
A")  or  conduction  band  to  acceptor  (e-A")  transi¬ 
tions  can  be  observed.  Since  the  peaks  at  2.666 
and  2.714  eV  have  an  energy  distance  of  .51  meV 
to  the  two  other  peaks,  they  seem  to  be  LO 
phonon  replica.  The  transitions  at  2.697  and  2.746 
eV  can  be  a.s.signcd  to  acceptor  levels  having 
ionization  energies  of  72  and  122  meV.  respec¬ 
tively.  Since  they  do  not  occur  in  undoped  and  in 
nitrogen-implanted  ZnSc  [17],  they  :ire  clearly 
Ga-related.  Since  V/„  are  known  to  be  mobile 
above  40(1  K  [15].  they  can  form  complexes  with 
G;i  on  Zn  lattice  sites,  namely  [Ga/„-V^„].  with 
an  ionization  energy  of  68  meV  [4].  Comparing 
the  peak  PL  intensities  and  considering  [V^„l » 
[Zn,,^.]  over  a  large  range  of  temperatures  [15].  we 
can  assign  the  (e-A")  transition  at  2.746  eV 
=  72  meV)  to  the  [Ga/„-V^^]  complex,  whereas 
/:\  =  122  meV  (2.697  eV)  is  most  probably  due  to 
[Ga/„-Zn.,,]. 

Fig.  2  shows  the  PL  spectra  of  Zn.S|,,Sei,7;(»a 
(L„,„  =  120  keV).  Due  to  a  rotational  symmetric 
variation  of  the  S  concentration  for  ternary  ZnSSe 
grown  in  our  reactor  (18).  the  band  edge  lumines¬ 
cence  in  Fig.  2  varies  between  2.96  t.v  =  0.27)  and 
2,99  eV  t.v  =0. .51).  The  mole  fraction  .v  was 
calculated  by  I  - ,v )  -  6(  1  - 

.v).v,  h  ^  ii.hl  eV  [19],  Besides,  deep  emission 
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peaks  at  2.08  and  2. .55  eV  occur.  Similar  to  ZnSc 
[4],  they  are  tentatively  assigned  to  V;,„  and  Zn^^.. 
respectively.  Comparison  of  overall  intensity  and 
shape  of  the  PL  spectra  shows  that  the  ratios  of 
excitonic  to  DAP  and  excitonic  to  deep  emissions 
are  minimum  at  9()()°C.  i.e.  the  crystalline  quality 
is  heavily  degraded.  The  overall  intensity  of  the 
sample  annealed  at  85t)°C  is  5  times  higher  than 
that  of  the  sample  annealed  at  8()()°C.  Therefore, 
optimum  annealing  seems  to  take  place  at  850°C. 
In  the  case  of  ZnSnjSe,,^ ;  Ga  (L|„„=  120  keV). 
we  observe  similar  behaviour. 

Fig.  .5  compares  typical  Raman  spectra  of 
ZnS„|sSc„  samples  measured  at  77  K.  Besides 
the  LO  phonon  at  296  cm  '  and  the  symmetry- 
forbidden  TO  phonon  at  272  cm  '  of  the  GaAs 
substrate,  the  as-grown  sample  shows  three  other 
spectral  features  which  originate  from  the  mixed 
crystal  ZnS,,  |,Se|,,<5 :  the  Zn-Sc  TO  vibration  at 
210  cm  '  and  the  LO  vibrations  Zn-Se  (252. .5 
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Fig.  .V  Ramiin  spectra  iil  ZnS,,  implanted  with  l  .sx 

111'  '  cm  -  gallium  at  12(1  keV.  taken  at  77  K. 


cm  ')  and  Zn-S  (308.5  cm  ').  The  broadening 
of  the  ternary  LO  vibration  modes  and  the  higher 
TO/LO  intensity  ratio,  compared  to  CiaAs.  re¬ 
sult  from  the  intrinsic  disorder  in  the  mixed  crys¬ 
tal.  Already  the  annealing  induces  an  intense 
background  originating  from  deep  centre  lumi¬ 
nescence.  The  superimposed  LO  phonon  of  the 
Zn-Se  mode  shows  a  strong  defect-induced 
broadening,  which  considerably  exceeds  the  an¬ 
nealing-induced  broadening  in  ZnSe  (17).  After 
implantation  and  annealing,  an  even  stronger  in¬ 
crease  of  the  phonon  half-width  and  the  TO/LO 
intensity  ratio  is  obserxed,  which  leads  to  the 
conclusion  that  the  implantation-induced  defects 
do  not  reconstruct  completely.  The  best  crys¬ 
talline  quality  was  obtained  for  the  annealing 
temperature  of  85()‘’C. 

.13.  Electrical  properties 

As  shown  in  the  Raman  spectra  of  Fig.  3, 
already  after  annealing  the  LO  phonon  of  the 
GaAs  substrate  is  strongly  reduced  and  a  broad 


structure  occurs  at  about  the  TO  phonon  fre¬ 
quency.  Frt)m  its  resonance  behaviour  and  its 
temperature-independent  frequency,  we  conclude 
that  this  spectral  feature  emanates  from  a  LO- 
phonon-plasmon  mode  in  the  upper  GaAs  sub¬ 
strate  region  as  a  result  of  Zn  diffusion  across  the 
interface.  A  similar  effect  was  observed  for  the 
heterostructure  ZnSe/GaAs  with  FIR  spec- 
tro.scopy  [17].  Since  the  ZnSSe  layers  in  this  work 
are  n-type  even  when  non-implanted  (.see  below), 
a  hetero  p-n  junction  occurs  at  the  interface. 
Therefore,  in  Van  der  Pauw  experiments,  contri¬ 
butions  from  currents  through  the  p-type  GaAs 
region  can  be  neglected  since  the  p-n  junction 
acts  as  two  diodes,  one  of  them  reversely  biased. 

To  judge  the  electrical  properties  of  Ga-im- 
planted  layers,  it  is  necessary  to  investigate  non- 
implanted  material  which  was  also  annealed  for 
.30  s  at  85()°C.  Electrical  measurements  at  205  K 
yielded  a  conductivity  of  6.5  X  HP  ’  fl  '  cm  ' 
and  an  electron  concentration  of  2.5  x  It)"'  cm"  \ 
To  optimize  the  annealing  parameters,  the  elec¬ 
trical  properties  of  ZnSe  layers  implanted  with 
1.5  X  10'^  cm"  -  Ga  and  annealed  under  different 
conditions  were  studied.  Acceptable  electrical  and 
optical  properties  were  obtained  for  annealing 
temperatures  between  830  and  860°C  and  anneal¬ 
ing  times  between  20  and  40  s.  Annealing  at 
850°C  for  30  s  results  in  a  maximum  conductivity 
of  about  10  12  '  cm  '.  To  investigate  upper 
limitations  of  carrier  activation  and  the  depend¬ 
ence  of  the  Hall  ratio  r^^  =  p.,^/p.  (fi,,  is  the 
measured  and  p  the  actual  parameter)  on  ion 
dose.  Hall  measurements  for  various  ion  doses 
between  3  5  X  10'-  and  7.5  x  lO'^  cm  '  were 
performed.  The  implantation  energies  were  120 
or  240  keV.  Fig.  4  shows  the  dependence  of  the 
sheet  Hall  carrier  concentration  of  ZnSe  on 
ion  dose  for  two  measured  at  77  and  205 
K.  For  N„<  1.5  x  10''  cm  /ij,  increases  with 
increasing  A/,,.  In  the  range  1.5  x  10''  <  V'„  <  3.75 
x  lO''  cm  nj,  remains  nearly  constant  at  about 
(5-6)  x  iO''  cm  -’  at  205  K.  In  order  to  derive 
the  corresponding  volume  concentrations,  we  ap¬ 
proximate  the  gaussian  dopant  profile  by  a  rect¬ 
angular  profile  having  a  width  of  2v^3  and  a 
dopant  concentration  of  A/||/2/3  JRp.  Both  pro¬ 
jected  range  (Rp)  and  projected  range  standard 


(■/.  (ileilsmtmn  ct  ai  /Journal  of  Crystal  (Inmlh  US  ( U^4)  324- JJO 


deviation  (J/^p)  depend  approximately  linearly 
on  [20],  From  EPMA  wc  obtained  that  for 
F,.,„  =  240  keV.  R^,  and  arc  108  and  52  nm, 
respectively.  At  120  keV  these  values  are  lower 
by  a  factor  of  about  two.  Using  this  approxima¬ 
tion,  follows  to  be  (2.8-3.3)x  It)'-  cm  '  for 
E,„„  =  240  keV  and  (5.6-6.6)  x  lO”  cm  '  for 
E|p„  =  120  keV.  The  measured  mobilities  can  be 
used  to  determine  the  compensation  ratio  f*  and 
the  Hall  ratio.  Briot  et  al.  have  calculated  ju,, 
and  /-|,  as  functions  of  the  Hall  constant  R^^ 
which  is  the  direct  experimental  parameter  [21]. 
Table  2  shows  0  and  /'n  versus  ion  do.se.  The 
compensation  ratio  is  about  0.5  at  low  ion  doses 
and  saturates  at  0.0  at  ion  doses  beyond  7.5  X  10‘' 
cm  -. 

For  ZnS||,Sei,7  and  ZnSnjSepp,  Hall  mea¬ 
surements  yielded  conductivities  below  lO'’*  /i  ' 
cm  '.  i.e.  the  layers  are  semi-insulating.  This  may 


!  ip.  4.  Shed  carrier  eoneenlrations  verstiN  ii>n  iloses  (or  Uiftcr- 
enl  implanlation  energies  annealed  al  H.MrC  (or  3((  s. 


Table  2 


Comparison  of  ;i|j.  R^f.  and  r,,  al  different  ion  doses;  ihe 
measurements  were  performed  at  2^5  K 
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be  explained  by  the  degraded  crystalline  quality 
of  the  layers  as  observed  from  the  Raman  spectra 
in  Fig.  3.  Besides,  the  effective  dopant  concentra¬ 
tion  is  diminished  by  the  Ga  segregation,  which 
was  observed  by  EPMA. 


4.  Conclusions 

We  have  shown  that  Ga  implantation  profiles 
in  ZnSe  do  not  broaden  evidently,  even  during 
annealing  at  85(TC.  With  increasing  ion  dose  the 
free  electron  concentration  saturates  and  the 
compensation  ratio  increases  to  0.4.  This  can  be 
explained  by  the  formation  of  [V/p-Ga/„]  com¬ 
plexes.  as  observed  from  a  DAP  peak  in  PE.  In 
the  case  of  ZnS,Se|  ,  (0<.v<0.4).  anomalous 
dilfusion  during  annealing  leads  to  post-implan¬ 
tation  profiles  which  are  located  at  the  surface 
within  a  depth  below  40  nm.  Best  crystalline 
properties  were  observed  after  annealing  for  .30  s 
at  85(PG.  Besides  an  optically  observed  high  hole 
concentration  at  the  unintentionally  doped  inter¬ 
face  region,  from  Hall  measurements  performed 
al  ZnSc  layers  we  derived  an  upper  limit  for  the 
electron  concentration  of  about  6.5  x  10’’  cm 
which  is  quite  low  with  a  view  to  electronic  appli¬ 
cations. 
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Abstract 

ZiiSc  epilayers  have  been  studied  by  Van  der  Pauw  measuremenls.  C'-C  pritfiling.  SIMS,  TEM  and  ,\-ra\ 
diffraction  in  order  to  correlate  electrical  and  structural  properties.  At  least  up  to  III'  '  em  SIMS  and  eleetrieal 
data  are  in  good  agreement,  indicating  a  high  efficiency  of  the  chlorine  incorporation  at  optimum  growth  conditions. 
Homogeneously  and  planar  doped  epilayers  have  been  grown  either  directly  on  the  IKK))  GaAs  substrate  or  on  an 
undoped,  relaxed  ZnSe  buffer  layer.  For  a  given  SIMS  concentration  of  chlorine  atoms,  the  free  carrier  concentra¬ 
tion  can  be  enhanced  up  to  t)ne  order  of  magnitude  for  planar  doped  samples.  The  intluence  t)f  a  rela.ved  buffer 
layer  on  dopant  activation  and  depth  profile  is  discussed  and  ct'rrelated  to  dislocation  distribution  determined  by 
TEM. 


I.  Introduction 

The  superiority  of  group  Vll  elements  as  donor 
dopants  in  ZnSe  has  been  early  established  (I]. 
In  metalorganie  chemical  vapour  deposition 
(MOeVD).  iodine  is  widely  used  (2).  whereas  for 
n-type  doping  of  ZnSe  epilayers  grown  by  molec¬ 
ular  beam  epitaxy  (MBE).  ZnCK  is  taken  as 
source  material  (.1.4].  Free  electron  concentra¬ 
tions  of  up  to  11)''’  cm  '  can  be  obtained  repro- 
ducibly.  In  contrast  to  CdTc:C!  layers,  where  the 
free  carrier  concentration  reaches  a  maximum  at 
2  X  If)'’'  cm  '  and  decreases  with  further  in¬ 
crease  of  the  ZnC'K  cell  temperature  [.‘i},  no  such 
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strong  compensation  was  found  for  ZnSe: Cl. 
From  XPS  studies  on  ZnCI  .-doped  C'dTe  follows 
further  that  Cl  is  incorporated  as  a  single  impu¬ 
rity.  The  Zn:CI  ratio  was  I  :  2.  but  no  chemical 
shifts  due  U'  Zn-Cl  bounds  were  found  [b].  Be¬ 
sides  Hall  and  Van  der  Pauw  measurents.  a  pow¬ 
erful  tool  is  electrochemical  C-l  profiling  [7).  A 
new  approach  to  n-type  doping  was  introduced  by 
Zhu  ct  al.  [S].  They  found  that  planar  doped 
ZnSe :  Cl  layers  are  superior  to  uniformly  doped 
ones,  especially  for  high  Cl  doping.  Homoepitax- 
ial  growth  on  ZnSe  substrates  has  been  compared 
to  ZnSe /GaAs  heteroepitaxy  for  n-type  Zn.Se;CI 
layers  by  Ohkawa  et  al.  I*)].  They  found  a  higher 
peak  mobility  for  Cl-doped  homoepitaxial  layers. 

Detailed  studies  of  the  correlation  between 
electrical  and  structural  properties  are  still  of 
current  interest  due  to  application  in  ZnSe-based 
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bluc-grcen  laser  diodes  [10,11].  Serious  efforts 
arc  made  to  study  degradation  mechanisms,  which 
are  closely  related  to  crystalline  perfection  and 
dislocation  behaviour.  Therefore,  a  better  under¬ 
standing  and  optimization  of  doping  conditions 
will  be  very  helpful. 


2,  Sample  preparation  and  e.\periment 

All  ZnSe:Cl  epilayers  were  grown  on  (1(K)) 
GaAs  substrates  in  a  6-chamber  Riber  23(K)  MBE 
system  using  elemental  sources  for  Zn  and  Se 
from  A.sahi  Osaka  and  ZnCl ,  for  doping.  For  the 
ternary  ZnSjSe,  epilayers,  ZnS  has  been  used 
as  a  source  material  to  obtain  lattice  matching  to 
the  GaAs  substrate.  The  substrate  temperature 
was  The  Se :  Zn  beam  pressure  ratio  was 

varied  from  I  ;  1  (Zn-rich,  c(2  X  2)  reconstruction) 
to  2:  1  (Se-rich  growth.  (2x1)  RHEED  pattern). 
Typical  thicknesses  of  homogeneously  doped 
ZnSe :  Cl  epilayers  and  of  undoped  ZnSe  buffer 
layers  were  1  /xm  and  600  nm.  respectively.  For 
planar  doping,  a  .sequence  of  2  nm  ZnSe; Cl  and 
S  nm  undoped  ZnSe  has  been  repeated  50  times, 
resulting  in  a  total  thickness  of  500  nm. 

Recently  a  new  growth  chamber  for  GaAs  has 
been  connected  to  the  three  Il-VI  growth  cham¬ 
bers.  This  allows  a  careful  o.xide  desorption  under 
As  partial  pressure  and  the  growth  of  n-type 
GaAs: Si  buffer  layers.  The  substrate  is  then 
transferred  directly  to  the  ZnSe  growth  chamber. 
The  first  promising  results  are  discussed  in  the 
last  section. 

Electrical  measurements  have  been  performed 
either  in  the  Van  der  Pauw  configuration  getting 
Hall  mobilities  and  average  carrier  concentra¬ 
tions.  or  by  electrochemical  C-V  profiling  giving 
information  about  the  net  doping  profile  as  a 
function  of  grown  layer  thickness.  For  the  latter 
case  a  C-F  profiler  48(K)  from  BIO-RAD  has 
been  used  successfully.  Sulphur  composition  and 
full  width  at  half  maximum  (FWHM)  of  X-ray 
rocking  curves  ((400)  reflection)  have  been  mea¬ 
sured  by  a  high-resolution  X-ray  diffractometer, 
consisting  of  a  four-reflection  Bartels  momKhro- 
mator  and  a  single  analyser  crystal.  In  order  to 
determine  the  total  amount  of  Cl  atoms  incorpo¬ 


rated,  secondary  ion  mass  spectroscopy  (SIMS) 
measurements  were  performed.  Using  positive  ion 
SIMS,  the  matrix  elements  Zn  and  Sc  can  be 
measured,  whereas  negative  ion  SIMS  allows  us 
to  detect  Se  and  Cl.  The  ratio  of  the  Se/Cl 
counts  is  then  calibrated  to  the  Cl  concentration 
measured  for  highly  doped  samples  (1()’"  cm  ') 
by  X-ray  photoemission  spectroscopy  (XPS).  Us¬ 
ing  the  XPS  calibration,  the  absolute  Cl  content 
can  then  be  determined  by  SIMS  for  lower  doped 
samples,  too.  Cross-sectional  transmission  elec¬ 
tron  microscopy  (TEM)  was  used  to  get  informa¬ 
tion  about  the  depth  dependence  of  the  disloca¬ 
tions  in  the  doped  epilayers.  Details  concerning 
the  TEM  method  can  be  found  elsewhere  [12]. 


3.  Experimental  results 

I.  Homogeneous  liopin^ 

While  for  the  first  grown  ZnSe: Cl  epilayers 
with  high  free  carrier  concentration  (S  x  lO'" 
cm  ')  the  FWHM  of  the  (400)  reflection  was  as 
high  as  620  arc  sec.  this  value  could  be  reduced 
later  on  for  the  same  electron  concentration  t(» 
220  arc  sec.  which  corresponds  to  the  best  results 
ever  reported  [3].  The  improved  structural  quality 
of  the  epilayers  is  connected  with  the  fact  that, 
for  fixed  Se  and  Zn  lluxes  during  MBE  growth,  a 
significantly  lower  Cl-cell  temperature  (e.g.  lower 
Cl  flux)  was  u.scd.  In  that  ease  less  Cl  is  incorpo¬ 
rated  into  the  ZnSe  host  lattice.  In  line  with  this, 
the  electrical  efficiency  of  the  Cl  incorporation 
could  be  enhanced  drastically  comparing  SIMS 
and  Van  der  Pauw  data.  In  the  former  case,  less 
than  lO^'r  of  the  incorporated  Cl  atoms  con¬ 
tributed  to  the  free  carrier  concentration;  in  the 
latter  ca.se.  a  total  amount  of  1  x  lO'*'  cm  '  re¬ 
sulted  in  a  free  electron  concentration  of  n  =  8  x 
lO'"  cm  '.  Electrically  inefficient  Cl  incorpora¬ 
tion  means  that  the  Cl  atoms,  which  do  not  act  as 
donors  (Cl  on  Se  lattice  site),  create  deep  com¬ 
pensating  complexes,  providing  a  decrea.se  of  the 
crystalline  quality. 

For  lov,  doping  levels  with  a  net  donor  concen¬ 
tration  of  less  than  10''  cm  ',  a  freeze -out  of 
electrons  is  observed  with  decreasing  tempera- 
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Table  1 


Comparison  between  samples  grown  by  planar  doping  (pl(  with  buffer  (bu)  and  uniform  doping  (uni)  method;  concentration  values 
and  effective  ZnCU  cell  temperature  are  averaged  in  case  of  planar  doping 


Sample 

'Tt  u  it 

n 

Mi, 

(  C) 

(cm  ') 

(cm  M 

Icm-  /V  -  s) 

ZS-n  26  pi  +  bu 

1.S7 

I.N  V  l(»^' 

1.0  X  10'" 

1.2  >  10’ 

ZS-n  8  uni 

160 

4.6  X  lO''* 

2.4  X  lO"" 

0..^  .X  10“ 

ZS-n  27  pi  +  hu 

1.^7 

1.4  X  10'" 

4.0  X  10"' 

1.2  X  10- 

ZS-n  uni 

14(t 

4.0  X  lO'" 

,4.1  X  10' 

0.5  X  10' 

ture.  From  Van  tier  Pauw  data,  plotted  versus 
inverse  temperature,  the  donor  activation  energy, 
measured  for  different  samples,  can  be  estimated 
to  be  22  meV.  Hall  mobilities  for  an  epilaycr  with 
«=  1  X  10'  cm  '  are  400  em’/V  •  s  at  .400  K  and 
KKM)  cmVV  s  at  8.4  K  (Fig.  1).  This  value  is 
close  to  that  reported  for  homoepitaxy  [Ol.  The 
temperature  dependence  can  be  fitted  for  higher 
temperatures  to  T' '  indicating  a  dominant 
scattering  by  optical  phonons,  and  for  lower  tem¬ 
peratures  to  7  '  as  expected  for  ionized  impu¬ 
rity  scattering.  Results  given  below  are  compared 
for  samples  grown  under  similar  growth  condi¬ 
tions  and  are  therefore  comparable  to  each  other. 

.?.2.  Planar  doping  and  influence  of  huff er  layers 

Measuring  planar  doped  ZnSeiCI  layers  by 
the  Van  der  Pauw  method,  an  average  carrier 
concentration  is  obtained.  Also,  with  C-V  profil¬ 
ing  measurements  such  thin  layer  structures  (2 
nm  doped.  8  nm  undoped)  cannot  be  resolved. 
From  SIMS  results  of  Zhu  et  al.  [8]  can  be 
concluded  that  no  significant  diffusion  of  Cl  atoms 
takes  place.  Knowing  the  dependence  of  the  mea¬ 
sured  C'l  fluxes  on  the  ZnCI  ,  cell  temperatures 


and  relating  it  to  the  other  parameters  like  Zn 
and  Se  fluxes  during  epilayer  growth,  a  so-called 
effective  Cl-cell  temperature  can  be  provided. 
This  allows  us  to  compare  the  averaged  electrical 
properties  of  planar  doped  structures  (Table  1 ) 
and  the  doped  regions  themselves  (Table  2)  to 
uniform  doping.  In  both  cases,  the  absolute  SIMS 
concentrations  are  similar,  although  the  planar 
doped  epilayers  have  significantly  higher  free  car¬ 
rier  concentrations. 

To  separate  the  contribution  from  planar  dop¬ 
ing  and  undoped  buffer  layers,  uniform  (Table  .4) 
and  planar  (  Fable  4)  doped  Zn.SeiCI  samples, 
grown  directly  on  the  GaAs  substrate  or  a  relaxed 
undoped  ZnSe  buffer  are  compared.  While  the 
growth  on  a  buffer  enhances  the  free  carrier 
concentration  by  a  factor  of  five  for  uniformly 
doped  layers,  no  such  dependence  could  be  found 
for  planar  doped  layers.  The  FWHM  value  of  the 
X-ray  diffraction,  being  a  measure  of  crystalline 
quality,  is  in  the  case  of  uniform  doping  much 
smaller  when  growing  on  a  relaxed  buffer.  This 
effect  is  less  pronounced  in  the  case  of  planar 
doping.  To  make  these  results  more  reliable,  a 
pair  of  uniform  and  planar  doped  epilayers  of  the 
same  total  thickness  have  been  grown  on  un- 
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Sample 

^  i  1  til 

V,, 

n 

Ml, 

('Cl 

(cm  ') 

(cm  ') 

(cm'/  V  ■  s) 

ZS  n  26  pi 

bu 

4.0  X  I0-" 

.S.ox  10'" 

1.2  X  10- 

ZS-n  5  uni 

m 

No  result 

l.,4  X  III"' 

0.,s  X  10- 

ZS-n  27  pi  4^ 

bu 

170 

7.0  X  10'" 

2.0  X  10'" 

1.2  X  10- 

ZS-n  6  uni 

170 

S.O  X  10'" 

4.h  X  Id"- 

0.7  X  10- 
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Table  3 


(’omparisGii  between 

unitorni  doping  with 

and  without  hull 

Icr:  both  samples 

were  urown  at 

/,,,„=  ISSC 

Sample 

n 

I 

Ml, 

n 

FWUM 

^hieknes^ 

(em  M 

(cm  ') 

(cm/V  •  s) 

t/i  em) 

(are  see) 

( /j  m ) 

ZS-n  2^1  uni  bu 

I..S  s  111''' 

1.4  X  I0-" 

1.3  X  1(1-’ 

.4.1  ..  in  ' 

373 

1.3-  1,3 

ZS*n  3b  uni 

.r.i)  X  in"' 

1.2  X  in'" 

X  lb- 

h.^b 

1.2 

Table  4 

(  ompanson  between  planar  doping  with  and  without  buKer:  both  samples  were  grown  at  =  I27  C' 

Sample 

n  Mi.  p  rWMM 

(em  ')  (eni'/X'  s)  tiiem)  (are  see) 

Thickness 

( M  ni ) 

ZS-n  pi  bu 

ZS-n  37  pi 

.4.S  :■  in'''  i.s  X  in-  n.n  v  m  '  vns 

-VI  ■  in'"  2.2  X  in-  1)4  .  in  '  4.v.s 

0.43  *  b.f>3 

0,43 

Table 

Comparison  between 

samples  with  buffer  grown  by  planar  d(»ping  and  b\  uniform  doping,  both  at  = 

^  1711  (■ 

Sample 

Ml.  P  FWHM 

(em  ')  (cm  ')  (enr/V  s)  l/^em)  (are  see) 

Thickness 
(  M  01 1 

/S-n  2'  pi  *  Ini 
/.S-n  2S  uni  ^  bu 

2.n  ■  in'"  7.(1  >  in'"  1.2  -■  in-  2.h  •  in  '  I.v7n 

1.11  X  in'"  h.n -x  in'"  i.i  .  in-  4.4  iTun 

b..3  »  b.b 

b..-^  -  b.h 

eloped  relaxed  buffer  layers.  Results  given  in 
I'ahle  5  indieate  that  the  doping  effieieney  is  still 
higher  by  a  faetor  of  two  for  planar  doping. 

.13.  Correlation  heneeen  struetiira!  amt  elecirieal 
properties 

•Aeeording  to  the  results  given  in  fable  a 
lower  free  earrier  eoneentrati»)n  is  found  hrr  the 
direet  deposition  of  ZnSe:C'l  onto  a  CiaAs  sub¬ 
strate.  To  find  out  the  reasons  for  this.  C  -l' 
profiles  have  been  measured  and  eompared  to 
I'EM  eross-seetional  images  taken  from  the  same 
samples.  As  ean  be  seen  in  big.  2a,  the  doping 
level  is  uniform  when  a  Ihiek  (rela.xed)  undoped 
ZnSe  buffer  layer  has  been  deposited  prior  to  the 
ZnSerC'l  growth.  In  eontrast.  the  depth  profile 
shows  a  lower  eleetron  eoneentration  near  the 
ZnSe :  C'l/fhiAs  interfaee  with  a  minimum  at 
about  WK)  nm.  followed  by  an  inerease  to  the 
level  obtained  for  the  growth  on  a  buffer  (big. 
2b).  This  depth  dependenee  is  the  reason  for  the 
lower  average  free  earrier  eoneentration  obtained 
by  Van  der  Pauw  measurements. 


This  behaviour  eorresponds  qualitalively  tiv  the 
TEM  results  (Fig.  .>).  Inside  the  first  (i(l()  nm  of  a 
ZnSe:(’l  epilayer  grown  direetly  on  GaAs.  a  high 
density  of  disloeations  is  observed.  I'herefore.  the 
observed  lower  free  earrier  eoneentration  might 
be  eonneeied  with  impurity  gettering  at  sueh  dis¬ 
loeations.  b'or  undoped  ZnSe  epilayers  grown  un¬ 
der  the  same  einulitions.  similar  intermediate  Liv¬ 
ers  with  high  disloeation  density  do  not  exeeed 
,^()()  nm.  rtius,  most  of  the  disloeations  formed 
near  the  interfaee  disappear  within  an  undoped 
buffer  layer.  I'EM  pietures  also  eonfirm  that  no 
additional  disloeations  are  formed  at  the 
ZnSeiC'l/ZnSe  interfaee.  This  leads  to  the  ob¬ 
served  homogeneous  doping  profile. 


4.  Discus.sion 

brom  these  results  it  is  evident  that  the  doping 
effieieney  depends  strongly  on  the  growth  eondi- 
tions  and  the  defeet  and  disloeation  density.  The 
lattiee  eonstant  misfit  between  CiaAs  and  ZnSe  at 
room  temperature  is  0.2(i'V.  Exeeeding  the  eriti- 
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cal  thickness  of  about  150  nm,  the  ZnSe  epilayer 
starts  to  relax  and  to  reduce  its  elastic  strain  by 
the  formation  of  misfit  dislocations.  All  of  our 
ZnSe ;  Cl  epilayers  show  a  high  density  of  dishKa- 
tions  below  a  thickness  of  600  nm  when  grown 
directly  on  a  GaAs  substrate.  This  leads  to  a 
lower  doping  efficiency,  because  at  least  part  of 
the  incorporated  Cl  atoms  are  not  on  a  Sc  lattice 
site,  thus  not  acting  as  donors.  Unrelated  accep¬ 
tor  defects  due  to  comple.xes  cau.scd  by  the  men¬ 
tioned  lattice  imperfections  may  also  contribute 
to  the  observed  decrease  in  free  carrier  concen¬ 
tration,  From  luminescence  measurements,  no  ev¬ 
idence  for  significant  concentrations  of  other  sin¬ 
gle  impurities  acting  as  compensating  acceptors 
could  be  found.  Therefore,  the  growth  on  an 
undoped  ZnSe  buffer  has  two  advantages.  Most 
of  the  dislocations  occur  at  a  thickness  well  below- 
.100  nm  and  no  additional  dislocations  are  formed 


free  carrier  concentration  of  ZnSetCl 


T  (K) 


mobility  of  ZnSe:CI 


’  |K» 


I  ig  I  Temperature  tlepenilenee  dI  the  tree  carrier  coneen- 
trati(»n  arul  mubilily  meaMireJ  by  the  Van  tier  Patiw  melhoii 
f(»r  a  li^hllv  ami  a  tle>:enerale)v  ilnped  /nSe;C)  epilayer. 


deptn  I  pm  I 


Fig.  2.  Free  carrier  concentraiitm  profile  determined  by  elec¬ 
trochemical  (  ■  r  prf>filing  for  imift>rml>  doped  layers  grown 
<tn  a  fc*?aU’d  /nSe  hnlJer  (a)  am)  uj^.elly  on  the 

(laAs  substrate  tb). 

at  the  interface  ZnSe :  C'l/ZnSe.  Both  findings 
have  been  confirmed  by  cross-sectional  TEM.  F\>r 
device  application  such  an  undoped  buffer  is  not 
helpful.  Other  methods  of  improving  the 
ZnSe/GaAs  interface  quality  arc  therefore 
needed. 

The  growth  <)f  GaAs  buffer  layers  leads  to 
superior  interface  qualities.  I'hc  FWHM  of  a  1 
pm  ZnSe  epilayer  could  be  reduced  from  typi¬ 
cally  3511  to  22(1  arc  sec.  indicating  a  much  lower 
dislocation  and  defect  density  near  the  interface 
ZnSc/tjaAs(  buffer).  Nearly  lattice  matched 
ZnS,„,sSe,n,^  has  been  grown  on  a  GaAs  buffer 
with  a  half-width  as  narrow  as  32  arc  sec.  Without 
a  CiaAs  buffer  such  ternary  layers  had  at  best  a 
F'WFIM  of  1 10  arc  sec.  An  n-type  doped  ternary 
layer  with  6  x  10'  cm  '  carrier  concentration 
had  a  room  temperature  mobility  of  .^00  enr/V  • 
s.  which  is  a  good  value  for  this  doping  level. 
Peak  mobilities  are  not  as  high  as  for  binary 
ZnSe; Cl  epilayers.  indicating  additional  scatter- 
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Fig.  .V  Cross-seclional  TEM  image  of  a  chlorine  doped  ZnSe 
epilaser  grown  on  a  GaAs  substrate.  Inside  the  first  600  nm  a 
high  density  of  dislocations  is  observed,  which  corresponds 
well  to  the  observed  decrease  in  free  carrier  concentration. 


ing  processes  at  low  temperatures  due  to  alloy 
fluctuations,  f'urther  detailed  studies  are  needed 
to  get  a  more  quantitative  understanding  of  the 
doping  behaviour  of  ternary  layers.  There  seems 
to  be  a  competition  between  the  incorporation  of 
chlorine  and  sulphur,  too.  because  higher  ZnS 
cell  temperatures  (higher  fluxes)  have  to  be  used 
in  order  to  obtain  the  same  compo.siiion  com¬ 
pared  to  undoped  ZnSjSe,  ,.  Although  further 
detailed  investigations  are  needed,  one  can  pre¬ 
dict  that  more  uniform  doping  and  higher  mobili¬ 
ties  due  to  better  crystallinity  can  be  achieved 
when  growing  on  GaAs  buffer  layer. 

The  thin  planar  layers  have  an  at  least  one 
order  of  magnitude  higher  free  electron  concen¬ 
tration  compared  to  unihrrm  doping  without  a 
buffer  layer.  This  effect  is  even  more  pronounced 
for  higher  doping  levels.  Based  on  luminescence 
spectra  (ratio  of  the  excitonic  emission  to  the 
deep-level  emission)  and  RHtED  observations, 
Zhu  et  al.  [1.'))  argued  that  a  better  crystallinity  is 
responsible  for  that.  This  can  be  confirmed  by 


our  X-ray  diffraction  measurements,  too.  Assum¬ 
ing  that  the  ZnSe  lattice  recovers  during  the 
undoped  parts  or  such  a  planar  doping  period, 
one  should  doubt  whether  the  doping  level  can 
be  easily  controlled  by  changing  the  period  of  the 
Cl  doping,  as  stated  in  ref.  [13]. 

Even  when  the  growth  occurs  on  relaxed  un¬ 
doped  buffer  layers,  higher  free  carrier  concen¬ 
trations  can  be  obtained  by  the  planar  doping 
method.  On  the  other  hand,  it  has  been  demon¬ 
strated  by  us  (Table  4)  that  such  a  buffer  layer 
has  a  negligible  influence  in  the  case  of  planar 
doping.  This  is  in  accordance  with  the  C-V  pro¬ 
file  measurements,  where  the  part  disturbed  by 
high  den.sity  of  dislocations  near  the  interface  is 
much  smaller  and  does  not  exceed  KM)  nm.  a 
thickness  much  below  that  for  uniform  doping 
(about  6(M)  nm).  It  indicates  that  the  periodically 
changed  growth  conditions  during  planar  doping 
hamper  the  propagation  of  dislocations  into  the 
bulk.  Detailed  TEM  studies  arc  under  way. 

It  should  be  mentioned  here  that  our  studies 
on  p-type  doping  with  nitrogen  using  an  Oxford 
plasma  source  yield  the  astonishing  result  that, 
besides  p-type  conduction  in  the  high  10''  cm  ' ' 
also  stable  n-type  conductivity  up  to  2  x  10'’  cm  ' 
can  be  obtained  by  changing  the  ZnSe  growth 
regime  and  the  plasma  source  parameters.  This 
can  be  taken  as  an  indication  that  nitrogen  dop¬ 
ing.  giving  an  acceptor  on  the  Se-site.  cannot  only 
provide  compensating  defects,  but  can  also  create 
efficiently  complex  donor-like  centres  in  ZnSe. 
Detailed  investigations  are  under  way  and  should 
give  a  better  understanding  of  the  defect  chem¬ 
istry  in  ZnSe  related  compounds  under  heavy 
doping.  Results  will  be  published  soon  [14]. 


5.  Conclusion 

It  has  been  shown  that  the  higher  free  carrier 
concentration  obtained  by  planar  doping  and  the 
improved  electrical  properties  can  be  correlated 
to  the  dislocation  density  found  in  cross-sectional 
TEM  studies  when  growing  on  a  relaxed  buffer 
layer.  C-E  measurements  of  a  uniformly  doped 
ZnSe :  Cl  epilayer  grown  directly  on  the  GaAs 
substrate  show  a  depth  profile  with  a  reduced 
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carrier  density  in  the  first  600  nm.  This  explains 
the  lower  average  electron  concentration  com¬ 
pared  to  doped  epilayers  grown  on  ZnSe  buffers 
as  found  by  Van  der  Pauw  measurements.  First 
results  indicate  that  the  growth  on  GaAs  buffer 
layers  may  significantly  improve  this  situation. 
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Abstract 

The  effects  i)f  C  incorporation  in  heteroepitaxial  ZnSc  grown  on  CiaAs  by  metalorganic  chemical  vapor 
deposition  (M(JCVD)  with  methylallylseicnide  (MASc).  dicthylsclenide  (DESe).  and  hydrogen  selenide  (M.Se) 
selenium  precursors  together  with  dimelhylzinc  (DMZn)  arc  investigated.  The  effects  of  growth  temperature  and 
VI /'II  ratio  tire  determined.  In  material  grown  at  4.SII°C  and  above,  all  of  the  low  temperature  photoluminescenee 
(PI.)  peaks  are  generally  shifted  several  meV  lower  in  energy  than  in  mtiterial  grown  in  the  .M)()-425'C'  range.  In 
particular,  the  light  hole  component  of  the  neutral  donor-bound  e.xeiton  shifts  down  to  around  2.7d2  eV.  where  it 
was  incorrectly  identified  in  previous  work  as  an  exeiton  bound  to  a  eimiplex  involving  ('.  Detailed  PI.  and 
relleetanee  measurements  give  conclusive  evidence  for  this  interpretation.  The  peak  shifts  are  attributed  to 
increased  thermal  mismatch  strain  resulting  from  the  higher  growth  temperature  used  with  MASe  and  DF.Se. 
However,  the  Vl/ll  ratio  strongly  affects  the  strain  in  samples  grown  at  .stlO'C  using  DESe.  suggesting  that  heavv  C 
incorporation  at  the  ZnSe/CiaAs  interface  may  stimulate  the  thermal  relaxation.  The  mechanism  might  involve  the 
formation  of  C'-related  mieroprecipitates  near  the  interface,  which  then  nucleate  misfit  dislocations.  We  conclude 
that  ('  from  the  growth  precursors  does  not  produce  any  new  PI.  peaks  above  1.4  eV  in  MOCVD  ZnSe.  Moreover, 
the  room  temperature  PI.  effic'ency  is  not  degraded  in  C'-contaminated  material,  suggesting  that  C  is  not  an 
important  non-radiative  recombination  center  in  ZnSe.  The  incorporation  of  moderate  C  levels  is  found  to  have 
little  effect  on  the  optoelectronic  properties  of  MOC'VD  ZnSe. 


I.  Introduction 

A  fundamental  concern  in  the  MCX'VI)  grovyth 
ot  any  electronic  material  is  the  pvrssibility  of 
unintentional  incorporation  of  C  from  the  organic 
component  of  the  growth  precursors.  In  lll-V 


(  (irrcsptmdinti  author 


materials  this  problem  is  well  known,  particularly 
i  t  the  ease  of  Al-eontaining  compounds,  where 
strong  Al-C  bonds  exist.  In  most  lll-V  com¬ 
pounds  such  as  CiaAs.  ('  incorporates  solely  on 
the  column  V  site  as  a  shallow  acceptor,  both  as  a 
common  residual  impurity  and  in  recent  years  as 
a  well-behaved  p-lype  dopant  [1].  In  some  In-con¬ 
taining  materials  such  as  InCiaAs  and  InP  it  is 
believed  to  be  amphoteric  and  may  substitute  on 
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the  cation  site  as  a  shallow  donor  [2],  and  in  MBt 
(and  oeeasionally  MOCVD)  GaAs  and  AIGaAs  it 
is  suspected  of  being  involved  in  a  complicated 
series  of  acceptor  complexes  that  is  frequently 
observed  in  PL  measurements  [3],  Its  behavior  in 
ll-VI  materials,  as  well  as  that  of  other  column 
IV  impurities,  is  much  less  well  known  at  present, 
although  it  might  be  expected  to  form  a  double 
donor  on  a  Zn  site  or  a  double  acceptor  on  a  Se 
site.  Other  column  IV  impurities  have  been  ob¬ 
served  to  substitute  on  the  Zn  site  in  ZnSe  by 
electron  paramagnetic  resonance  [4],  but  no  such 
information  is  available  for  C.  A  determination  of 
its  behavior  is  important  in  assessing  the  future 
prospects  of  MOCVD  growth  of  ZnSe  and  re¬ 
lated  materials  for  optoelectronic  applications, 
once  the  p-type  doping  problem  has  been  solved 
in  this  growth  technique. 

Previous  work  by  Giapis  et  al.  [,3-7]  has  shown 
conclusively  using  calibrated  SIMS  measurements 
that  high  levels  of  C  incorporate  in  ZnSe  layers 
grown  on  GaAs  using  MASe  and  DMZn.  particu¬ 
larly  near  ’.he  ZnSe/GaAs  interface.  The  C  con¬ 
centration  increa.scd  dramatically  with  VI/II  ra¬ 
tio  up  to  1()-'  cm  '  or  higher,  which  caused 
polycrystalline  growth.  The  use  of  this  growth 
precursor  also  caused  a  peculiar  surface  morphol¬ 
ogy  and  rather  low  electron  mobilities  [(S],  All  of 
these  effects  were  absent  using  H,Se  and  DMZn 
at  lower  growth  temperatures  (3(H)-32.s°C).  These 
workers  also  observed  a  bound  exciton  peak  at 
around  2.1^2  eV  in  low  temperature  PL  spectra 
of  samples  grown  using  MASe  -i-  DMZn  at  48()°C 
and  above  and  DLSe  +  DMZn  at  ,s(IO°C.  They 
denoted  this  peak  C  and  attributed  it  to  c.xcitons 
bound  to  a  ('-containing  complex,  whose  elec¬ 
tronic  nature  was  not  determined.  The  occur¬ 
rence  of  this  peak  was  interpreted  as  a  signature 
of  (■  incorporation,  and  previous  literature  results 
were  re-interpreted  on  this  basis. 

In  the  present  study,  we  re-examine  the  optical 
properties  of  MOCVD  material  grown  using 
MASe,  DhSe.  and  H,Se.  using  detailed  low  tem¬ 
perature  PI.  and  rellectance  studies.  We  present 
a  new.  carefully  supported  interpretation  which 
demonstrates  that  neither  the  "I’"  peak  nor  any 
other  PL  feature  above  1.4  eV  can  be  directly 
attributed  to  C  incorporation,  although  the  C 


does  apparently  affect  the  relaxation  of  thermal 
strain  in  the  material  in  a  dramatic  way.  The  L 
peak  is  identified  as  the  light  hole  component  of 
the  ordinary  neutral  donor-bound  exciton.  shifted 
by  strain.  We  also  show  that  C  incorporation 
from  the  growth  precursors  in  MOCVD  ZnSe 
does  not  cause  significant  non-radiative  recombi¬ 
nation.  as  long  us  the  material  remains  single 
crystal. 


2.  Experimental  procedure 

The  growth  of  the  not  intentirmully  doped 
MOCVD  samples  in  this  study  is  described  in  ref. 
[6],  as  well  as  the  results  of  the  SIMS  and  SEM 
characterization  of  the  material.  The  lumines¬ 
cence  measurements  in  the  present  study  were 
performed  using  a  1.0  m  double  spectrometer 
under  excitation  from  a  UV  Ar '  or  blue  dye 
laser,  with  the  samples  mounted  strain-free  in 
flowing  superfluid  or  gasertus  He.  Reflectance 
was  performed  using  a  tungsten-halogen  lamp. 
The  data  are  corrected  for  the  spectral  response 
of  the  PL  system  where  necessary.  Room  temper¬ 
ature  PL  measurements  were  performed  with  the 
samples  in  air.  without  any  chemical  etching. 
Undoped  heteroepitaxial  ZnSe/GaAs  material 
grown  by  MBE  and  annealed  using  SiNj  caps  in  a 
rapid  thermal  annealer  for  ,3  s  at  various  temper¬ 
atures  [S.O]  is  used  to  illustrate  the  effects  of 
thermal  relaxation  on  the  PL  spectrum  for  com¬ 
parison  to  the  MOCVD  ease.  ITirther  details  of 
the  PL  apparatus  are  given  elsewhere  [10]. 


3.  Results  and  discussion 

D)w  temperature  excitonic  PL  spectra  are 
shown  in  Fig.  1  for  three  different  ZnSe/GaAs 
samples  grown  using  MASe  under  the  indicated 
conditions,  and  one  reference  sample  grown  us¬ 
ing  IGSe.  A  single  reflectance  spectrum  is  also 
shown  as  an  example,  corresponding  to  the  up¬ 
permost  PL  spectrum.  We  interpret  the  dominant 
PL  peak  in  each  spectrum  as  the  light  hole  com¬ 
ponent  of  the  neutral  donor-bound  exciton  in- 
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1  I .  l.nss  icnipcraUirc  cxcilonic  IM.  spccira  lor  M()(  \  I) 
/nSc  (ia,\s  ''a^lplc^  urossn  urulcr  the  iiulicalcd  comlitioiis. 
Ihc  uppermoM  >pccirum  is  a  rctleclance  spectrum  corre- 
spiMulinc  to  the  i(»p  PI,  spectrum.  The  layer  thicknesses  are 

2  4.  I.s.  .uni  |.,s  ^rn.  respccitu'ly.  from  {(‘p  t»i  bottom  in 
this  ti^uiL.  Insirurnenlai  resolution  is  (),()7  me\’  «'r  better  in 
ciu'h  ease 


uiImiij:  ordiiiiin  shallow  donors.  I'i’,.  which  is 
split  Ironi  the  heavy  hole  component  (I by  the 
biaxial  tensile  strain  in  the  material  resulting  from 
tile  thermal  expansion  mismatch  between  ZnSe 
.md  (iaAs  [d.  11],  The  biaxial  compressive  lattice 
mismatch  strain  at  the  growth  temperature  is 
mostly  rel.ixed  in  layers  of  these  thicknesses  [III. 
I  he  ll|‘,  peak  position  ranges  from  2.7954  to 
2.79 1,S  eV  in  l-ig.  1.  I'he  thermal  strain  splits  the 
tree  exeiton  to  a  larger  degree  into  corresponding 
light  and  heaxy  hole  components  (.X,,,  and  X,,,,. 
respeetively).  The  assignment  of  the  free  exeiton 
peaks  in  each  spectrum  has  been  confirmed  using 
reneetanee  spectra,  as  shown  for  the  uppermost 
IM.  spectrum  in  l  ig.  I.  I  he  X,,,  and  X,,,,  IM.  peaks 
precisely  match  the  energies  of  the  rellectance 
dips  in  this  case,  as  they  did  in  the  other  samples 
(not  shown).  I'he  shift  in  the  n  =  2  free  exeiton 
IM.  petiks  (Xj|,  ’).  which  remain  about  14.9  meV 


above  the  ground  state,  further  confirms  our  in¬ 
terpretation. 

All  of  the  samples  we  have  examined  that 
exhibit  a  peak  near  2.792  eV  also  show  corre¬ 
spondingly  increased  free  exeiton  splittings  and 
shifts.  In  particular,  the  arenific  of  the  ll'^,  and 
l!,',';  peak  positions,  and  the  areniae  of  the  .X,,, 
and  X,,^  positions,  both  of  which  should  reflect 
only  the  hydrostatic  strain,  are  separated  by  about 
5. 6-6.2  meV  from  each  other  in  all  of  the  sam¬ 
ples  with  various  strains,  in  reasonable  agreement 
with  the  known  4. 9-5. 7  meV  (depending  on  the 
donor)  localization  energies  of  neutral  donor- 
bound  excitons  in  unstrained  ZnSe  [12],  The  b- 
sence  of  rellectance  or  other  similar  measure¬ 
ments  in  refs.  [5-7]  was  probably  responsible  for 
the  failure  there  to  recognize  the  increased  strain 
and  free  excitrxn  splitting  in  the  MA.Se  samples 
grown  at  4X(I°C'  and  above,  and  for  the  incorrect 
assignment  of  the  PI.  petiks  in  those  studies  (the 
I"',  peak  was  associated  with  C  (  "r").  while  the 
1 5.';  peak  was  misidentified  as  ll|',  in  the  MASc 
samples.) 

Kach  of  the  samples  in  I-'ig.  1  is  seen  to  have  a 
different  degree  of  strain,  which  correlates  loosely 
with  the  growth  temperature  as  would  he  ex¬ 
pected.  To  measure  the  strains  we  use  the  ob¬ 
served  light  hole  free  exeiton  position,  which  is 
generally  easier  to  metisure  than  the  heavy  hole- 
position  and  more  sensitive  to  strain.  With  defor¬ 
mation  potentials  a  =  -4..')5  and  h  =  -  1.06  eV 
obtained  from  our  recent  study  of  strain  splitting 
in  p.seudomorphic  ZnSe/lnOaAs  (1.7].  and  elastic 
coefficients  Cn  ^  and  (1.  =  5.7.1  CiPa  from 
an  average  of  the  results  quoted  in  ref.  [14],  we 
determine  the  tensile  strain  to  be  approximately 
I.OI.  ().8X.  0,78.  and  0.59x10  ‘  for  the  top 
through  bottom  sample-  in  I'ig.  I,  respectixely. 
However,  the  dependence  is  not  monotonic,  since 
the  .725'’C'  sample  grown  with  H  ,Se  has  more  net 
strain  than  the  MASe  sample  grown  at  425  C. 
and  the  56()“('  sample  is  less  strained  than  the 
52(l"('  sample.  C'learly.  then,  the  relaxation  of 
thermal  mismatch  strain  at  the  growth  tempera¬ 
ture.  which  is  frozen  in  upon  ciniling  doxMi.  de¬ 
pends  on  factors  other  th;m  just  the  growth  tem¬ 
perature.  These  factors  are  probably  related  to 
the  kinetic  limitations  on  the  nucleation  and  mul- 
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tiplication  of  misfit  dislocations  near  the  interface 
[15].  This  point  will  be  further  amplified  in  con¬ 
nection  with  Fig.  .5.  However,  the  growth  temper¬ 
ature  obviously  places  an  upper  limit  on  the 
amount  of  this  strain  that  can  occur.  Calculations 
based  on  the  thermal  expansion  of  ZnSe  and 
GaAs  as  a  function  of  temperature  as  given  in 
ref.  [16]  yield  maximum  expected  strains  of  ().8S, 
1.20.  1.58.  and  1.75  x  10  for  growth  tempera¬ 
tures  of  .125,  425,  520,  and  560°C.  respectively,  all 
of  which  c.xceed  the  corresponding  experimental 
values  quoted  above. 

Further  support  for  the  varying  amounts  of 
strain  in  the  samples  of  Fig.  1  is  obtained  by 
noting  that  the  ionized  donor-bound  cxciton  (I,), 
neutral  As  (or  Li)  acceptor-bound  e.xciton  i;'' 
[lO.iV].  and  deep  Cu  acceptor  bound  exciton 
(puep)  y|l  (Q  lower  energies  along 

with  the  1 ,  and  free  cxciton  peaks.  For  example, 
the  peak  shifts  from  2.7797  to  2.7784  eV  in 
the  .125‘C  and  520^C  samples,  and  the  lower 
energy  l  i'"  component  (the  only  one  visible  at  1.7 
K)  shifts  from  2.7879  to  2.787.1  eV  in  the  560  and 
52(LC  samples.  A  good  quantitative  modeling  of 
the  latter  data  can  be  achieved  using  calculations 
based  on  the  theory  given  in  refs.  [10]  and  [17],  if 
the  strains  are  estimated  from  the  observed  .X,,, 
positions.  To  achieve  a  good  fit  to  dat;i  taken  on 
these  and  other  samples  over  a  wide  range  of 
strains,  we  use  a  shear  deformation  potential  for 
the  acceptor-bound  hole  of  h=  -0.55  eV.  de¬ 
rived  from  our  recent  independent  measurement 
of  strain-induced  splittings  in  the  band-to-aceep- 
tor  peak,  and  we  assume  that  the  zeni-strain 
peaks  lie  in  the  range  2.7919-2.7921  eV  [12].  Fhis 
procedure  predicts  I,''  positions  of  2.7880  and 
2.7874  eV  for  the  560  and  520°C  samples,  respec¬ 
tively.  in  excellent  agreement  with  experiment. 

A  further  confirmation  of  the  excitonic  peak 
assignments  comes  from  the  oKservalion  of  a  two 
electron  replica  19.5-20.0  meV  below  the  l']], 
peak  in  the  520  and  560"C'  samples.  In  contrast  to 
the  statements  in  refs.  [5-7],  selective  excitation 
of  I using  a  tunable  dye  laser  does  yield  clear 
resonant  enhancement  of  this  two-electron 
replica,  proving  the  nature  of  the  l”’,  peak.  In 
aildition.  the  1.0  phonon  coupling  strength  of  the 
I'.',',  peak  (not  shown  in  l-'ig.  I)  is  characteristic  of 


the  1,„  peaks  in  ZnSe,  and  should  be  substan¬ 
tially  larger  if  the  peak  were  due  to  an  acceptor 
or  isoelectronic  trap-bound  cxciton. 

We  have  examined  the  thermalization  and  ex¬ 
citation  intensity-dependent  behavior  of  several 
of  the  excitonic  spectra  of  samples  in  Fig.  1  (and 
in  Fig.  1  below)  with  both  larger  and  smaller 
thermal  strains.  We  find  .similar  behavior  inde¬ 
pendent  of  strain,  including  the  previously  estab¬ 
lished  thermalization  between  and  and 
between  Xi^  and  X,,^  [19],  and  the  thermal  ion¬ 
ization  of  the  Ii„  peaks  in  favor  the  free  exeitons 
at  high  T  [19].  The  I,„  peaks  also  show  the 
expected  saturation  in  favor  of  the  free  exciton 
peaks  at  high  excitation  levels.  All  of  these  obser¬ 
vations  provide  strong  evidence  tor  our  interpre¬ 
tation  of  the  excitonic  .spectra. 

Strong  support  for  the  effects  of  thermal  strain 
on  the  PI.  spectrum  of  the  MOCVD  material  is 
provided  by  a  comparison  to  excitonic  spectra  of 
MBH  samples  annealed  at  various  temperatures, 
as  shown  in  Fig.  2.  The  most  notable  effect  of 
annealing  is  the  introduction  of  a  dominant 
peak,  resulting  from  the  generation  of  Zn  vacan¬ 
cies  during  the  anneal  and  their  v'ceupation  by  Cu 
impurities,  as  discussed  previiiusly  [8].  Hvtwever. 
we  also  observe  a  shift  to  lower  energy  and  in- 
erciised  splitting  t'f  both  the  1  and  X  compo¬ 
nents,  similar  to  that  we  reported  earlier  [9],  The 
peaks  in  the  sample  shown  here,  however,  are 
much  sharper  than  those  in  the  earlier  case,  due 
to  use  of  purer  source  materials  in  the  MBF 
growth.  The  splittings  are  thus  even  clearer  in  the 
present  case.  The  splitting  of  I  is  less  than  that 
of  X,  which  is  just  due  ti>  the  reduced  shear 
deformation  potential  of  the  hole  in  the  bound 
exciton  complex  [19],  The  main  point  to  be  made 
in  comparing  1-igs.  I  and  2  is  that  the  71MFC 
anneal  produces  peak  positions  that  closely  match 
those  in  the  MASe  .sample  grown  at  56()T'.  even 
though  the  annealed  samples  contain  negligible 
carbon.  (The  positions  in  the  unannealed  sample 
match  those  in  the  sample  grown  at  425'C.  while 
the  upper  5()()“C  annealed  .sample  matches  the 
125‘’C  MOCVD  sample.)  The  higher  annealing 
temperature  necessary  to  achieve  thermal  relax- 
ativm  in  the  MBF  material  similar  to  that  for 
MOCVD  growth  at  much  lower  temperatures  is 
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evidence  of  the  kinetic  limitations  to  relaxation 
and  the  influence  of  interfaeial  C  (to  be  discussed 
below),  although  the  sample  temperature  during 
the  rapid  thermal  anneal  is  a  little  uncertain  due 
to  the  nature  of  the  annealing  system.  Moreover, 
anneals  at  nominally  the  same  temperature  with, 
e.g.,  different  caps  typically  produced  varying 
amounts  of  strain  (see  Fig.  2). 

As  an  indication  of  the  vastly  different  thermal 
strains  that  can  occur  at  a  given  temperature,  we 
show  excitonic  PL  and  reflectance  spectra  in  Fig. 
?<  for  two  samples  grown  using  DESe  and  DMZn 
at  .s()()°C.  where  the  only  difference  in  growth 
conditions  is  the  Vl/ll  ratio.  The  reflectance 
spectra,  as  well  as  the  n  =  2  free  exciton  and 
two-electron  replica  peaks  in  the  PL  spectra  con¬ 
firm  the  difference  in  strain  (O.b?  versus  l.Obx 
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F  ij;  2.  I.im  Iinipcnmire  cxiiloiiic  I’l  spcilr.i  tor  ;i  virpin 
urulopcil  .S.4rrm  iFiit'k  MFFF-  /nSc  layer  erown  a!  .tnn  (‘ 

(I'ollom  xpeilrunO.  .mil  lor  the  same  layer  alter  aiinealinp  al 
eaeh  ol  the  iiKliealeil  teniperaliires.  Keeoliition  lx  H  IM  me\  . 
the  Iwo  xariiples  annealerl  al  .SIKH  ilillereil  only  in  Ihe 
system  usetl  to  Ueposit  the  SIN,  eap  prior  lir  .iiinealini!:  Ihe 
dillerenee  helsseen  these  two  samples  ilhisuales  that,  as  in 
the  MOC'V'I)  material,  the  ilepenrienee  on  lemperalnre  is  not 
one  lo-one.  The  peak  positions  shoiiUt  he  eompareil  to  those 
m  l  it!.  I. 


Energy  (eV) 

I  i.e.  foil  temperalnre  relleel.mee  and  I’l  speeira  lor  Iwi' 
samples  eroun  al  dillerenl  S’l  II  r.ilios  iisme  1)1  Se  le.ieh 
reneeumee  speelrum  is  direelh  ahoie  Ihe  eonespondiny  I’l 
speelniml.  the  layer  thiekiwsses  ,oe  I,"  and  5."  pm  lor  the 
\'l  II  III. II  .ind  2.11  samples,  respeeineiy.  Kesolulion  is  II. ir 
meV  111  e.ieh  ease. 

1(1  '.  based  on  the  .X,,,  positiyins).  This  difference 
was  not  reeogni2ed  in  the  earlier  work,  which  led 
to  the  erroneous  eonclusitin  that  the  2.2U2  e\ 
peak  in  the  upper  PL  spectrum  was  a  new.  ('-re¬ 
lated  peak.  Since  the  I .  peaks  are  much  stronger 
relati\e  to  the  free  excitons  at  high  \'l  II  ratio, 
we  conclude  that  this  condition  striingly  faxyirs 
the  incorporation  of  residual  donors  (possibly 
halogens).  Moreover,  these  eonilitions  are  chemi¬ 
cally  expected  to  produce  increased  ('  incorpora¬ 
tion  at  the  ZnSe/CiaAs  interface,  similarly  to  the 
MASe  ease  [.''-7).  Since  donor  doping  has  ne\er 
been  obserxed  to  enlitmce  strain  relaxation  in 
ZnSe,  to  our  knowledge,  and  since  all  samples 
grown  with  DESe  shoxved  the  characteristic  be¬ 
havior  shown  in  Fig.  we  attribute  the  enhanced 
relaxation  in  the  DESe  samples  grown  at  high 
VI/II  ratios  and  in  the  MASe  samples  grown  at 
4S()“C'  or  above  to  the  interfaeial  ('  present  at 
high  Vl/ll  ratios. 

The  effects  of  ('  on  structural  properties  of  the 
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films  arc  made  plausible  by  a  comparison  to  the 
ease  of  heavy  doping  with  N.  a  similarly  small 
alom.  which  has  been  found  to  alter  the  configu¬ 
ration  of  misfit  dislocations  at  the  ZnSc/GaAs 
interface  in  a  drastic  way  [20,21].  However,  the  N 
doping  reportedly  reduced  the  amount  of  strain 
relaxation  in  layers  of  a  given  thickness  [20], 
whereas  we  find  an  increase  in  the  case  of  C. 
Also,  the  large  and  consequently  not  very  soluble 
Na  atom  has  been  found  to  generate  dislocations 
in  MBE  ZnSe/GaAs  when  used  as  a  dopant  [22], 
We  speculate  that  in  the  case  of  C  (and  possibly 
in  the  Na  case  as  well),  microprecipitates  may  be 
formed  near  the  interface,  which  act  as  nucle- 
ation  sites  for  misfit  dislocations.  The  precise 
mechanism  by  which  these  dopants  affect  the 
structural  properties  remains  to  be  established  by 
further  experimental  work,  but  is  an  important 
consideration  relevant  to  the  reliability  of  light- 
emitting  devices  based  on  this  material. 

N('  new  donor-to-acceptor  (D"-A")  r)r  band- 
lo-acceptor  (e-A")  peaks  were  observed  in  any  of 
the  MASe  or  DhSe  samples  having  high  C  con¬ 
centrations.  indicating  that  C  does  not  form  any 
shallow  acceptor  level  in  this  MOCVD  material. 
Hie  As  or  l,i  (which  have  virtually  indistinguish¬ 
able  binding  energies  [1(1.17])  acceptor-related 
(D"-A")  and  (e-A")  peaks  were,  however,  iib- 
served  to  shift  to  lower  energy  by  the  expected 
amount  in  the  DESe  sample  having  higher  strain 
(i.e.  grown  at  Vl/II  =  10. 0).  which  further  proves 
our  interpretation  of  the  excitonic  PI,  spectra.  In 
fact,  a  clear  strain  splitting  of  the  (e-A")  peak  at 
1.7  K  into  light  and  heavy  hole  components  was 
observed  in  some  of  the  more  highly  strained 
samples.  The  deep  level  PL.  peaks  were  typically 
stronger  in  samples  that  have  higher  C  content, 
but  these  samples  also  have  higher  residual  donor 
concentrations,  and  the  deep  level  peaks  we  ob¬ 
serve  (aside  from  the  usual  Y  and  S  bands)  are 
generally  those  around  2.0  and  2.2  eV  attributed 
to  donor-Zn  vacancy  complexes  [2.7],  and  are  un¬ 
likely  to  be  directly  ('-related. 

To  test  for  the  presence  of  ('-related  non- 
radiative  recombination  centers,  we  measured  the 
strength  of  the  integrated  room  temperature  PE 
signal  (in  arbitrary  units),  which  is  proportional  to 
the  internal  quantum  efficiency,  for  a  number  of 


.14.1 

samples  grown  under  high  C-producing  (MASe. 
and  DESe  growth  at  Vl/11  =  10.0)  and  low  C- 
producing  conditions  (H  .Se,  and  DESe  growth  at 
'Vl/ll  =  2.0).  The  results  are  plotted  in  Eig.  4 
(note  the  logarithmic  scale).  The  integrated  total, 
deep  level,  and  band  edge  intensities  are  each 
indicated. 

The  internal  PL  quantum  efficiency  is  given  by 
'nr/('r.a  +  "nr)-  ^hcre  T,.„,  and  7,„  are  the  radia¬ 
tive  and  non-radiative  minority  carrier  lifetimes, 
respectively.  Ehe  radiative  lifetime  in  the  case  of 
pure  band-to-band  recombination  is  given  by 
=  Bn„.  where  B  is  the  radiative  recombination 
coefficient  of  ZnSe  and  n„  is  the  majority  carrier 
concentration  (assuming  low  level  injection).  Since 
the  MASe.  and  DESe  (VI/II  =  10.0)  samples 
have  higher  donor  impurity  contents,  based  im 
the  low  temperature  excitonic  spectra,  their 
quantum  efficiency  should  be  higher  (assuming 
constant  -,^).  Electrical  measurements  were  not 
possible  in  most  cases  [b],  probably  due  to  com¬ 
pensation  and/or  deep  levels.  Moreover,  the  im¬ 
portance  i>f  deep  radiative  levels  modifies  the 
analysis  in  ways  that  are  not  easy  to  determine 
without  a  knowledge  of  the  deep  level  parameters 
and  concentrations,  so  that  quantitative  estimates 
of  the  reduction  in  are  not  feasible.  We 
conclude,  however,  that  if  ('  produeed  effective 
non-radiative  recombination  centers  in  this  mate- 


4.  Ahsohne  inlc^ralcil  K  PI  inlcnsilics  (or  a  series  o\ 
M()('\’I)  samples  ^n>wn  usin»2  various  preeursors  and  erowih 
eoiulilions.  The  /n  precursor  was  DM/n  in  all  eases.  I  aver 
ihiekncsses  var\  Irom  I.N  lo  U.O  fjxn.  I'he  iv'lal.  hand  edjie.  and 
deep  level  inlensihes  are  slumn  separalelv  in  each  ease 
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rial.  r„,  a[C]  '  (neglecting  surface  recombina¬ 
tion)  would  be  drastically  reduced,  and  the  PL 
efficiency  would  be  degraded  in  the  high  [C] 
samples.  Since  this  effect  is  not  evident  in  Fig.  4. 
in  spite  of  very  high  [C]  in  some  cases  (compare, 
e.g.,  the  MASe  and  H,Se  samples),  we  conclude 
that  C  does  not  form  any  major  non-radiative 
defects  in  MOCVD  ZnSe.  On  the  other  hand, 
the  centers  that  do  cause  the  several  orders  of 
magnitude  variations  of  PL  efficiency  among  the 
various  samples  in  Fig.  4  should  be  identified  and 
eliminated  if  the  quality  of  the  material  is  to  be 
optimized. 


4.  Conclu.sions 

We  have  shown  that,  contrary  to  previous 
claims.  C  docs  not  introduce  any  new  bound 
excitons  cir  other  radiative  centers  in  the  PL 
spectrum  of  MOCVD  ZnSe  above  1.4  eV  (the 
limit  of  the  detector  u.sed  in  this  study),  and  docs 
not  introduce  substantial  non-radiative  recombi¬ 
nation.  We  have  not  determined  whether  the  C 
has  any  electrical  activity  in  the  material,  since 
such  effects  (if  any)  may  have  been  masked  by 
incorporation  of  other  impurities  from  the  pre¬ 
cursors.  Fhe  presence  of  high  interfacial  C  levels 
does  apparently  have  a  profound  influence  on  the 
structural  properties  of  the  material,  in  particular 
the  extent  to  which  thermal  mismatch  strain  re¬ 
laxes  at  the  growth  temperature.  While  very  high 
interfacial  C  levels  can  degrade  crystallinity,  mor¬ 
phology.  and  stimulate  lattice  relaxation,  and  pre¬ 
cursors  yielding  these  high  levels  should  be 
avoided  in  future  work,  our  overall  conclusion  is 
that  moderate  C  incorporation  from  the  precur- 
s(rrs  used  in  MOCVD  growth  has  negligible  effect 
on  the  optoelectronic  properties  of  ZnSe.  This 
conclusion  implies  that  MOCVD  should  be  a 
highly  promising  technique  for  the  large-scale 
production  of  blue  light-emitting  devices,  once 
the  p-type  doping  problem  in  this  growth  tech¬ 
nique  has  been  solved  and  the  structural  and 
deep  level  properties  of  the  material  arc  fully 
under  control. 


5.  Acknowledgments 

The  ASU  portion  of  this  work  was  supported 
by  the  National  Science  Foundation  under  Grant 
No.  DMR-91()6,^.S‘).  We  thank  M.C.  Tamargo  for 
providing  the  undoped  MBF  sample  used  for 
comparison. 


6.  References 

llj  Sec.  e.g..  B.T.  Cunningham.  M.A.  llaa>c.  M  .1  Met  ol 
liim.  .I.Ii.  Baker  and  (i.t.  Slillman.  Appl.  Ph>'.  I.etl.  .S4 
(IWP)  I'MI.S: 

T.F.  Kueeh.  M  .A.  Ti^ehler.  P.  .1.  Wang,  (i  Seilla.  K. 
Poieniski  and  P.  Cardone.  .Appl  Ph>s.  I.elt.  (id.sM 

I. MV. 

Ul  See.  e  g..  II  Ito  and  T.  Ishiha>hi.  Jap.  J.  Appl.  Ph>e.  'll 
(IWI)  I.U44. 

I.J]  See.  e.g..  Is.  .Akimolo.  M.  Dohsen.  M.  .Arai  and  N. 
W'aianahe.  Appl,  Phys,  l.ell.  4.s  (I4S4)  and  reter- 
enees  therein. 

l4j  See  R.K,  Walls.  Pi>int  Delects  in  Crystals  (Wiley.  New 
Vork.  I'|t''l  p.  Is.s.  and  rel'erenees  therein. 
l.s|  K.P.  (iiapis  and  k.t-.  Jensen.  Appl.  Phys  Lett,  .s.'  llWd) 
Jh,-''. 

l()j  K.P.  (iiapis.  K.F.  Jensen.  J.F,.  Pulls  and  S..I.  Paehula.  J. 

t-leelnm.  Mater.  I'l  I  IWtl)  4S.C 
|71  K.P.  (iiapis  and  K.F.  Jensen.  .1.  Crystal  (irowth  llll 
I IWII)  1 1 1. 

I'S]  B.J.  Skri'nime.  N.(i.  Stoitel.  ,A,S.  (io/d/.  M.C.  F.tm.trgo 
and  S.M.  Shihli.  in:  .Advances  in  Materials,  Proec'sing. 
.ind  Devices  loi  III  \  Compound  Semieonduelors.  Fds. 
D.K.  Sadana.  I  li.  liasiman  and  R.  Dupuis  (Maleri.ds 
Research  Society.  Pillshurgh.  P.A.  IWII  p.  .4u|. 

Iv]  B.J,  Skromme.  M.C.  Famargo.  F  S.  Fureo.  S.M.  Shibli, 
W.A-  Bonner  and  R.lv  Nahory.  in:  (ia.As  and  Related 
Compounds,  .Atlanta,  I'WS.  Inst.  Phys.  Coni.  Ser.  Vti.  Fd 

J. S,  1  larris  ( Inst.  Phys..  Bristol.  PlSd)  p.  2l)s. 

lull  A  ,  /.hang.  B,.l.  Skromme.  S.M.  Shibli  and  M.C.  I  am.trgo. 
Phys  Rev.  B  4S  ( IWD  IIISSs. 

llll  F.  Yao.  Y,  Okada.  S.  Matsui.  K.  Ishida  anti  1.  Fuiimiilo. 

J.  Crystal  (irtiwlh  SI  IPISTI  slS. 

|I2)  P.J.  Dean.  DC  Herbert.  (  J.  Werkhoven.  BJ  Fit/ 
Patrick  and  R  N.  Bhargava.  Phys  Rev.  B  J.'  1 1 ‘IS  1 1  4,ssN 
Note  that  the  loeali/alion  energy  of  is  apparently 
quoted  ineorreelly  in  this  relerence  lihe  observed  peak 
position  implies  a  value  of  .s,b.‘'  me\  I 
|I.J)  B.J.  Skromme.  Y.  /.hang.  M.(  Famargo  and  W  A  B<m 
tier,  presented  at  .Sth  Int.  Coni  on  II  \  l  (  ominninds. 
Tamano.  Japan.  IWI.  unpublished. 

1I4|  S.  Lee,  B.  Hillehrands,  (I  F  Stegeman.  II  (  heng.  I  F 
Polls  and  F  Ni//oli,  J  Appl.  Phys.  h.J  (iq.SSI  l‘l|4  The 
values  in  Fable  I  of  this  reference  were  .iveraged.  with 


BJ.  Skromme  et  al. /Journal  of  Crystal  Growth  US  ( 19^4}  JJS-.U5 


the  exception  of  the  early  ones  by  Berlincourt  el  al., 
which  were  excluded. 

[151  See.  c.g..  B.W.  Dodson  and  J.Y.  Tsao.  Appl.  Phys.  Lett. 
51  (1987)  1325. 

Ilh]  Y.S.  Touloukian.  R.K.  Kirby.  R.E.  Taylor  and  T.Y'.R. 
Lee.  Thermal  expansion  -  nonmetallic  siditls.  in:  Ther¬ 
mophysical  Properties  of  Matter,  Vol.  13  (IFI/Plenum. 
New  York.  1970). 

[P]  Y.  Zhang.  B.J.  Skromme  and  H.  ('heng,  Phys.  Rev.  B  47 
(1993)  2107. 

[IS]  D.J.  Robbins.  P.J.  Dean.  P.E.  Simmonds  and  H.  Tews, 
in:  Deep  C  enters  in  Semiconductors.  Ed.  S.  Panlelides 
(Gordon  and  Breach.  New  York.  1986)  p.  717. 

[19]  B.J.  Skromme.  M.C'.  Tamargo.  J.L.  de  Miguel  and  R.E. 
Nahory.  in:  Epitaxy  of  Semiconductor  Layered  .Struc¬ 
tures.  Eds.  R.T.  Tung.  L.R.  Dawson  and  R.L.  Gunshor 


345 

(Materials  Research  Society.  Pittsburgh.  P.\.  1088)  p. 
577. 

[20]  J.  Peiruzzello.  J  Gaines.  P.  van  der  Sluis.  D.  Olego.  I 
Marshall  and  C.  Ponzoni.  J.  Electron.  Mater  22  (1903) 
453. 

[21]  L.M.  Kuo.  L.  Salamanca-Riba.  J.M.  DePuydt.  11,  (  heng 
and  J.  Oiu.  in:  .Semiconductor  Heierosiructures  lor  Pht)- 
tonic  and  Electronic  Applications.  Mater.  Res.  Soc  Symp. 
Proc..  Vol.  281.  Eds.  D.C.  Houghl.m.  ( ’.W.  Tu  and  R.  I 
Tung  (Materials  Research  Society.  Pittsburgh.  PA.  1993) 
p.  561. 

[22]  J.E.  Potts.  IL  C  heng.  J.M.  DePuydt  and  M.A  Maasc.  J 
Crystal  Growth  101  (1990)425. 

[23]  See.  e.g..  B.J.  Skrtimme.  S,M.  Shibli.  J.I..  de  Miguel  and 
M.C.  Tamargo.  J.  Appl.  Phys.  65  (1989)  3999.  jnd  reter 
ences  therein. 


. CRYSTAL 
GROWTH 


1  LSLA  U  R  lournal  ol  (  rvMal  (irimlh  IW  ( IW4I  .'4h  4>1 
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Abstract 

Wc  report  on  a  clistii  ct  correlation  betvieen  the  1.47  eV  emission  band  and  the  dislocation  densits  in  bulk  CdTe. 
The  1.47  eV  hand  intensifies  around  the  high-dislocation  area  (lineage  structure)  and  at  the  position  just  on 
dislocation  bundle.  On  'he  other  hand,  the  1.47  eV  band  was  hardly  obsersed  in  the  low-dislocation  ;irea  (etch  pit 
density  less  than  2  x  1(  cm  ’)or  at  the  ptisition  away  from  the  dislocation  bundle.  F  urthermore,  the  1.47  e\'  band 
was  intensified  by  y-ray  irradiation  of  1.7  x  1(1  (iy.  which  produced  a  great  number  of  Frenkel  ilelccts.  It  was  shown 
that  the  1.47  eV  band  s  related  not  only  to  an  extended  defect  such  as  a  dislocation,  but  also  to  a  point  defect  such 
as  a  Frenkel  defect.  These  results  suggest  that  the  strain  field  induced  in  the  sicinity  of  the  defects  is  responsible  for 
the  recombination  center  of  the  1.47  eV  band. 


i.  Introduction 

Recently.  CdTe  iiims  on  various  subslrtites, 
such  as  sapphire.  <  laAs  and  InSb.  have  been 
grown  by  moleeula'  beam  epita.xy  (MBH).  hot 
wall  epitaxy  (HWh)  or  nietalorganie  chemical  va¬ 
por  deposition  (MC4'’VD).  However,  because  of 
the  large  lattice  misrnatehes  between  CdTe  and 
these  substrates,  a  high-density  dislocation  is  gen¬ 
erated  intt)  such  heteroepitaxial  CdT  e  layers. 

F'ttr  evaluating  the  CdTe  films,  the  phoiolumi- 
neseenee  (PI.)  is  a  useful  nondestructive  tech¬ 
nique  because  of  its  high  sensitivity  on  the  crystal 
quality  such  as  residual  impurities  and  structural 
defects.  For  example,  the  peak  intensity  ratirr  of 
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the  l..^-l..■s  eV  emission  hand  to  the  principal 
bound-exciton  line  has  been  used  as  a  measure 
lor  the  crystal  quality  of  CdT  e  films  [1.2].  T  he 
emissions  in  the  energy  region  of  l..'-l.,s  eV  are 
composed  of  many  peaks  originating  from  the 
different  emission  centers  [,'-8].  It  is  therefore 
necessary  to  discriminate  and  identify  these  emis¬ 
sion  bands.  Among  these  bands,  a  relatively  strong 
and  unidentified  emission  band  has  often  been 
observed  around  1.47  cV  (.S4(K)  A)  in  CdTe  crys¬ 
tals.  especially  in  heteroepitaxial  films.  Dean  et 
al.  labeled  this  emission  band  as  Y,,  line  [Vj.  since 
the  band  in  CdT  e  looks  notably  similar  to  the  Tj, 
band  in  ZnSe  [lOj.  Several  authors  including  Dean 
et  al.  reported  on  the  nature  of  the  1.47  eV  band 
and  discussed  the  origin  of  the  band  [9.11-1.4]. 
Dean  et  al.  expected  that  the  band  results  from 
electron-hole  recombination  at  extended  defects 
and  has  a  characteristic  of  bound-exciton.  .Also. 
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Onodcra  and  Taguchi  have  pointed  out  that  the 
band  behaves  like  a  bound  exeiton  trapped  at  an 
extended  defect  from  the  temperature  depen¬ 
dence  and  time-resolved  spectra  of  this  band  [12]. 
However,  a  direct  comparison  between  the  inten¬ 
sity  of  the  1.47  eV  band  and  dislocation  to  con¬ 
firm  their  interpretations  for  the  recombination 
center  of  the  band  has  not  been  reported  previ¬ 
ously. 

In  order  to  confirm  directly  their  interpreta¬ 
tion  for  the  recombination  center  of  the  1.47  eV 
hand,  we  have  compared  the  intensities  of  the 
band  in  the  several  samples  with  different  etch 
pit  patterns  and  investigated  the  influence  of 
•y-ray  irradiation  on  the  band  in  bulk  CdTe.  On 
the  basis  of  the  these  experimental  results,  we 
discuss  the  origin  of  the  1.47  eV  band. 


2.  Experimental  procedure 

CdTe  crystals  were  grown  by  the  vertical  gradi¬ 
ent  freeze  technique  and  traveling  heater  method 
(THM)  from  a  high-purity  source  of  6N  grade. 
All  samples  used  in  this  study  are  p-type.  The 
samples  for  evaluating  the  etch  pit  density  (HPD) 
were  cut  parallel  to  {111)  from  the  cry.stal  ingot. 
After  polishing,  the  surfaces  were  chemically 
etched  to  remove  the  surface  damage  due  to  the 
polishing.  I'o  evaluate  the  dislocation  density,  the 
etch  pit  patterns  were  revealed  on  (1II)(.|  faces 
by  the  Nakagawa  etchant  [14],  Irradiation  was 
with  ""Cl'  y-rays  of  1.7  X  10  Gy  to  investigate 
the  inlluence  of  point  defects  on  the  1.47  eV 
band. 

The  PL  spectra  were  measured  at  4.2  K  by  a 
conventional  lock-in  technique.  I\>  see  the  corre¬ 
spondence  between  the  Ld’D  and  the  PL  spec¬ 
trum.  especially  the  HPD  and  the  intensity  of  the 
1.47  eV  band,  the  samples  were  chemically  etched 
to  reveal  the  etch  pit  patterns  before  being  loaded 
into  a  liquid-He  dewar.  In  particular,  we  have 
paid  attention  to  the  correspondence  between  the 
position  of  the  exciting  laser  beam  for  PL  and  the 
etch-pit  pattern  on  that  position.  Lhe  PL  was 
excited  using  the  .‘'I4.‘i  A  line  from  an  Ar-ion 
laser.  The  PL  signals  were  detected  by  a  photo¬ 


multiplier  with  a  cooled  GaAs  cathode  through  a 
1.5  m  Jobin-Yvon  single  monochromator. 


3.  Results  and  discussion 

Fig.  I  shows  the  PL  spectra  obtained  from  the 
different  dislocation  density  areas  on  the  same 
sample:  Figs,  la  and  lb  are  the  spectrum  taken 
from  the  low-  and  high-dislocation  density  areas, 
respectively.  The  corresponding  etch  pit  patterns 
in  the  vicinity  of  the  positions  measured  for  the 
spectra  of  Figs,  la  and  lb  are  shown  in  Figs.  2a 
and  2b.  respectively.  The  EPD  pictured  in  Fig.  2a 
is  2  X  10'  cm  '.  It  should  be  noted  that  the 
high-dislocation  area  in  Fig.  2b  exhibits  a  lineage 
structure.  Lhe  spectrum  (Fig.  la)  taken  from  the 
low-dislocation  area  demonstrates  that  the  area 
measured  is  of  high  quality,  because:  (i)  a  sharp 
acceptor  bound  exeiton  (A".X)  line  together  with 
its  LO-phonon  replicas  (A"..X-LO.  A".X-2LO. 
A".X-3L0)  and  the  LO-phonon  replicas  of  free 
excitons.  F'E-LO.  FE-2LO.  arc  clearly  observed: 
(ii)  no  donor-acceptor  pair  (DAP)  emissions  in 
the  L.5-L5  eV  region,  except  for  the  weak  1.47 
eV  (8400  A)  band,  were  observed.  On  the  other 
hand,  the  1.47  eV  band  in  the  spectrum  (Fig.  lb) 
taken  from  the  high-density  area  intensifies  and 
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I  ig.  1.  PI.  spcclrii  ol  C’dTc  wiih  dilTcrcnl  disUKalion  density; 
(a)  spectrum  taken  from  hm-disUKation  area:  (b)  spectrum 
taken  from  the  position  with  lineaye  structure.  The  corre¬ 
sponding  etch  pit  patterns  are  shown  in  !  ig.  2. 
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Fig.  2.  Etch  pit  patterns  in  the  vicinity  of  the  laser  beam  positions  measured  for  Figs.  la  and  lb.  respectively.  The  EPD  in  (a)  is 
2x11)' cm  -. 


slightly  shifts  in  energy  position  relative  to  that  in 
Fig.  la;  the  precise  peak  energies  of  the  1.47  eV 
bands  in  Figs,  la  and^  lb  are  1.475  eV  (8403  A) 
and  1.473  eV  (8416  A),  respectively.  The  other 
PL  peaks  such  as  the  A",X  line  and  the  LO-pho- 
non  replicas  of  free  excitons  were  not  notably 
different  in  intensity  or  lineshape.  it  is  shown 
that  the  increase  in  the  intensity  of  the  1.47  cV 
band  has  evidently  been  caused  by  the  increase  of 
dislocations.  As  reported  by  Dean  et  al.  and 
Onodera  and  Taguchi.  the  1.47  band  observed  in 
Fig.  1  is  accompanied  by  its  weak  LO-phonon 
replicas,  which  is  an  unique  feature  characteriz¬ 
ing  the  1.47  eV  band  [V.12].  Therefore,  the  1.47 
eV  band  observed  in  Fig.  2b  is  identical  with  the 
defect  band  discussed  by  these  authors. 

Another  example  of  the  correlation  between 
the  1.47  eV  band  and  the  disUKation  patterns  is 
shown  in  Figs.  3  and  4.  Figs.  3a  and  3b  show  the 
PL  spectra  taken  from  the  low-disItKation  area, 
which  is  the  position  away  from  the  dishreation 
bundle,  and  at  the  position  on  the  disUKation 
bundle.  In  particular,  the  spectrum  in  Fig.  .3b  was 
taken  when  the  exited  laser  beam  was  fiKUsed 
just  on  the  dislocation  bundle  seen  in  Fig,  4b. 
The  ettrresponding  etch  pit  patterns  for  the  above 
two  spectra  (Figs.  3a  and  3b)  are  shown  in  Figs. 
4a  and  4b,  respectively.  The  EPD  pictured  in  I'ig. 
4a  is  1  X  l(F  cm  It  should  be  pointed  out  here 
that  the  peak  energy  and  lineshape  of  the  1.47  eV 


band  observed  in  Fig.  3b  are  slightly  different 
from  those  in  Fig.  lb.  The  precise  peak  energy  of 
the  1.47  eV  band  observed  in  Fig.  lb  is  1.475  eV 
(8403  A),  which  value  is  almost  the  same  ;is  those 
reported  by  other  researchers,  while  that  in  Fig. 
3b  is  1.476  eV  (83W  A),  which  value  is  at  a 
slightly  higher  energy  position  than  those  re¬ 
ported  by  other  researchers.  A  similar  peak  en¬ 
ergy  difference  was  also  observed  between  the 
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Fig.  .1.  PL  spectr;i  of  t'dTc  with  different  disliKation  striie- 
lure:  (a)  speetrum  taken  from  low-disliKation  area  where  is 
the  position  away  from  the  disUKation  bundle;  (b)  speetnim 
taken  from  the  position  just  on  a  disliKation  bundle,  as  ean  be 
seen  in  Fig.  4b. 
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Fig.  4.  Etch  pit  pattern.s  in  the  vicinity  of  the  laser  beam  positions  measured  for  Figs.  3a  and  3b.  respectively.  The  EPD  in  (a)  is 
I  X  10-  cm  -. 


Spectra  in  Figs,  la  and  lb.  Furthermore,  the 
high-energy  tail  of  the  band  is  stronger  in  Fig.  .^b 
than  in  Fig.  lb.  In  spite  of  these  differences,  the 
1.47  eV  band  observed  in  Fig.  3b  is  also  followed 
by  its  weak  LO-phonon  replicas,  which  is  an 
important  feature  for  characterizing  this  band,  so 
that  the  origin  of  the  band  in  Fig.  3b  is  consid¬ 
ered  to  be  same  as  that  in  Fig.  lb.  It  seems  likely 
that  the  peak  energy  variation  of  the  1.47  eV 
band  is  related  to  the  difference  of  the  binding 
potentials  around  the  dislocations  measured,  as 
discussed  by  Dean  et  al.  [9].  These  differences 
associated  with  the  1.47  cV  bands  arc  not  dis- 
cu.ssed  any  more  in  this  paper.  Anyway,  it  was 
also  shown  that  the  intensity  of  the  1.47  cV  band 
is  used  as  a  measure  to  evaluate  nondestructively 
the  misfit  dislocations  in  heteroepitaxial  films. 

In  order  to  investigate  the  influence  of  point 
defects  on  the  1.47  eV  band,  the  intensities  of  the 
1.47  eV  band  before  and  after  y-ray  irradiation 
were  compared. 

The  '^'Co  y-rays  of  1.7  x  10^  Gy  can  produce  a 
great  number  of  Frenkel  defects,  since  Compton 
scattering  is  a  dominant  process  in  that  energy 
region  and  the  energy  transferred  from  y-ray  to 
crystal  is  sufficient  to  displace  host  atoms  in 
CdTc.  Although  the  effects  of  y-ray  irradiation 
on  PI.  spectrum  in  the  energy  region  above  1.5 


eV  have  been  reported  by  Taguchi  and  Inuishi. 
they  have  not  discussed  the  1.47  eV  band  [15]. 

Fig.  5  shows  a  comparison  of  the  PL  spectra 
before  and  after  y-ray  irradiation.  Fig.  6  shows 
the  expanded  spectra  in  the  excitonic  region  of 
Fig.  5.  As  can  be  seen  in  Fig.  5.  the  intensity  of 
the  1.47  eV  band  after  y-ray  irradiation  increases 
by  a  factor  of  10.  On  the  other  hand,  the  intensity 
of  the  excitonic  PL  lines  such  as  A'’,X  and  D'’,X 
decreases  by  a  factor  of  1/3  after  y-ray  irradia- 
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Kig.  ti.  Expanded  PL  spectra  in  excitcinic  region  ol  Fig.  5. 


tion.  Thi.s  decrca.se  in  the  inten.sity  of  the  exci- 
tonic  lines  is  eonsidered  to  be  due  to  the  inerease 
in  the  strength  of  another  nonradiative  reeombi- 
nation  process  by  y-ray  irradiation.  This  result 
demonstrates  that  the  1.47  eV  bands  are  induced 
not  only  by  extended  defects  like  dislocations,  but 
also  by  point  defects  like  f-'renkel  defects.  How¬ 
ever.  there  is  another  possibility  that  could  ex¬ 
plain  the  above  y-ray  irradiation  effect  on  the 
1.47  eV  band.  That  is  due  to  secondary  defects 
such  as  dislocation  loops,  and  not  due  to  point 
defects.  This  is  because  the  interstitial  atoms 
generated  by  y-ray  irradiation  can  move  and  then 
interact  with  one  another  during  room  tempera¬ 
ture  storage.  Anyway,  these  experimental  results 
including  the  comparisons  between  the  PL  spec¬ 
tra  for  high-  and  low-dislocation  positions  shown 
in  F'igs.  I  and  2  strongly  suggest  that  the  existence 
of  the  strain  field  is  important  for  the  appearance 
of  the  1.47  eV  band.  The  variation  of  the  peak 
positions  of  the  bands,  which  is  considered  to  be 
due  to  the  variation  of  the  strength  of  binding 
potentials  from  sample  to  sample,  supports  this 
interpretation,  as  pointed  out  by  Dean  et  al.  [9j. 
Also,  the  recent  preliminary  result  of  the  uniaxial 


stress  effect  on  the  1.47  eV  band,  namely  that  the 
band  is  intensified  by  a  uniaxial  stress,  supports 
the  above  interpretation  [16].  Considering  these 
results  as  well  as  the  results  by  Dean  et  al.  and 
Onodera  and  Taguchi.  it  is  strongly  suggested 
that  the  1.47  cV  band  is  due  to  the  emission  from 
cxcitons  trapped  at  the  strain  field  induced 
around  the  defects  such  as  dislocations. 

In  summary,  we  have  demonstrated  that  there 
is  a  distinct  correlation  between  the  1.47  eV  band 
and  the  dislocation  density.  The  bands  increa.se  in 
intensity  on  the  high-dislocation  density  positions, 
such  as  around  lineage  structure  and  just  on 
dislocation  bundle.  It  shows  a  possibility  that  the 
intensity  of  the  1.47  eV  band  can  be  u.sed  as  a 
measure  to  evaluate  the  dislocation  density.  F-ur- 
thermore,  the  1.47  eV  band  was  intensified  by 
y-ray  irradiation.  These  results  indicate  that  the 
strain  field  in  the  vicinity  of  the  defects  is  respon¬ 
sible  for  the  recombination  center  of  the  1.47  e\' 
band. 
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Abstract 

Wc  present  data  in  this  paper  which  demonstrate  that  the  luminescence  cITicicncy  of  p-type  ZnSc :  N  grown  by 
molecular  beam  epita.xy  using  a  remote  RF  plasma  source  is  a  strong  function  of  doping  concentration  and  that  in 
moderately. to  heavily  doped  material  (corresponding  to  <V\  -  .V,,  >  2  x  HI'  cm  ')  significant  concentrations  of 
non-radiative  recombination  centers  strongly  limit  the  luminescence  efficiency  of  the  material.  Such  data  were 
obtained  by  performing  real-time,  in  situ  cathodoluminescenee  intensity  measurements  during  cpilayer  growth  for 
variously  doped  epilayers. 


1.  Introduction 

Considerable  success  has  been  achieved  re¬ 
cently  with  regard  to  growing  p-type  ZnSe  epilay¬ 
ers  by  means  of  nitrogen  doping  during  molecular 
beam  epitaxy  (MBE).  The  use  of  remote  (to  the 
substrate)  "active  nitrogen"  plasma  sources  has 
made  this  success  possible  with  various  types  of 
plasma  source  having  been  employed. 

Initial  success  was  achieved  using  RF  plasma 
sources  [1.2].  while  more  recently  comparable  re¬ 
sults  have  been  reportedly  obtained  emplttying 
microwave  [3]  and  electron  cyclotron  resonance 
(FX’R)  microwave  [4]  plasma  sources  as  "active 
nitrogen"  generators.  It  is  interesting  to  mite  that 
in  all  three  cases  the  maximum  net  acceptor 
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concentration.  .\\  -  .V,,.  achievable  in  p-type 
ZnSe ;  N  epilayers  is  in  the  (1-2)  X  10'''  cm  ' 
range  [3-.3]. 

With  regard  to  using  plasma  sources  as  dopant 
sources,  the  particular  species  generated  in  the 
various  types  of  plasma  source  is  of  significant 
interest.  Optical  emission  spectroscopy  (OES) 
analysis  has  been  performed  on  each  of  the  three 
types  of  plasma  source  mentioned  above  with  a 
view  to  characterizing  the  "active  nitrogen"  plas¬ 
mas  in  each  case.  For  instance.  Park  [(i]  has 
presented  a  OES  spectrum  which  is  typical  of  the 
Oxford  Applied  Research  Ltd..  RF  plasma  source 
while  Kawakami  et  al.  [3]  and  Ohtsuka  and  Horie 
[4]  have  presented  OES  spectra  which  are  repre¬ 
sentative  of  their  microwave  and  EC’R  microwave 
plasmas,  respectively.  I'he  various  emission  spec¬ 
tra  retlect  the  level  of  e.xcitation  occurring  in  each 
type  of  source,  the  highest  excitation  level  uccur- 
ring  in  the  EC'R  microwave  source,  followed  by 
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the  microwave  source,  followed  by  the  RF  pla.sma 
source.  In  the  case  of  the  ECR  microwave  and 
the  microwave  sources,  the  cmis.sion  spectra  .seem 
to  be  dominated  by  transitions  associated  with 
the  2nd  positive  system  of  N,  (CV/„->BV/p) 
while  the  1st  positive  system  of  N,  > 

A'EJ  )  transitions  dominate  in  the  case  of  the  RF 
plasma  source  in  addition  to  significantly  intense 
emission  lines  recently  ascribed  to  various  atomic 
nitrogen  transitions  in  the  ncar-lR  regime  [7]. 
The  higher  excitation  level  sources  (ECR  mi¬ 
crowave  and  microwave)  also  exhibit  transitions 
associated  with  the  1st  negative  system  of 
(B'EJ  (more  so  in  the  case  of  the 

ECR  microwave  source),  whereas  transitions  as¬ 
sociated  with  nitrogen  ions  do  not  appear  to  be 
significant  in  the  case  of  spectra  recorded  from 
RF  plasma  .sources. 

In  each  of  the  three  types  of  plasma  source, 
however,  significant  concentrations  of  atomic  ni¬ 
trogen  appear  to  be  present  in  either  the  ground 
state  or  in  variiius  excited  states  since  positive 
first  system  of  N-  transitions  occur  as  a  result  of 
the  recombination  of  ground  state  nitrogen  atoms 
while  second  positive  system  t)f  N-  transitions  are 
a  consequence  of  the  recombination  of  ground 
state  and  excited  state  nitrogen  attims  [H]. 

Ciiven  that  the  electrictil  characteristics,  at  least 
in  terms  of  the  maximum  achievable  net  acceptor 
density.  ,\\  -  .V,,.  appear  to  be  similar  in  the  case 
of  p-type  ZnSe :  N  griiwn  by  the  three  types  of 
plasma  source,  it  is  perhaps  not  unreasonable  to 
conclude  that  the  atomic  nitrogen  species  are 
responsible  for  doping  in  all  three  cases  and  that 
the  maximum  net  acceptor  density  achieved  thus 
far  represents  a  fundamental  limit  imposed  by 
the  material  system  itself.  The  upper  limit  of  the 
net  acceptor  density  would  appear  to  be  a  conse¬ 
quence  of  strong  self-compensation  which  occurs 
in  heavily  doped  material.  C'hadi  and  I'roullier 
[‘)I.  for  instance,  have  suggested  that  N  intersti¬ 
tials  having  a  particular  electronic  configuration 
can  act  as  shallow  donors  and  could  therefore 
compensate  N  acceptor  type  states,  particularly  in 
heavily  doped  material. 

Although  p-type  ZnSe  and  related  alloys  doped 
with  N  by  means  of  remote  plasma  sources  (par¬ 
ticularly  RF  sources)  have  been  successfully  em¬ 


ployed  as  hole  injector  layers  in  diode  laser  de¬ 
vices.  [10.1 1]  the  quantum  efficiency  (optical  qual¬ 
ity)  of  such  material  is  low.  In  fact,  as  pointed  out 
by  Zheng  et  al.  [12],  the  room  temperature  (or 
above)  quantum  efficiency  of  ZnSe  in  general  is 
very  low  which  they  conclude  is  due  to  significant 
concentrations  of  deep-level  non-radiative  recom¬ 
bination  centers  present  in  the  material  despite 
the  fact  that  the  material  e;  look  good  in  terms 
of  other  measures  (exciton  'inewidths,  rocking 
curve  linewidths,  etc.). 

In  this  paper  we  present  data  which  demon¬ 
strate  that  the  luminescence  efficiency  of  p-type 
ZnSe  :  N  is  a  strong  function  of  doping  concentra¬ 
tion  and  that  in  moderately  to  heavily  doped 
material  {.\\-N,y>  10'  cm  ^)  significant  con¬ 
centrations  of  non-radiative  recombination  cen¬ 
ters  strongly  limit  the  luminescence  efficiency  of 
the  material.  Such  data  were  obtained  by  per¬ 
forming  real-time,  in  situ  cathodolumine.scence 
(CL)  intensity  measurements  during  epilayer 
growth  for  variously  doped  cpila\crs. 

2.  Experimental  procedure 

The  experimental  apparatus  used  in  this  inves¬ 
tigation  is  shown  in  Fig.  1.  .As  can  be  seen  in  the 
figure,  the  griwth  chamber  was  equipped  with 
elemental  Zn  and  Se  effusion  sources  as  well  as  a 
compound  ZnCI.  effusion  source  which  provided 
Cl  for  n-type  doping  [I.')].  In  addition,  an  Oxford 
Applied  Research  Ltd..  RF  plasma  source  was 
employed  to  provide  an  atomic  nitrogen  tlux  for 
p-type  doping  [  1 J. 

As  reported  previously  for  the  case  of  n-type 
doping  [14],  we  have  detected  and  quantified  the 
integrated  CL  intensity  (blue-green  emission) 
which  is  observed  during  growth  from  the  Zn.Se 
sample  surface  by  virtue  of  the  electron  beam 
normally  employed  for  reflection  high  energy 
electron  diffraction  analysis  impinging  at  a  glanc¬ 
ing  angle  of  incidence.  In  this  apparatus  the  CL 
emission  is  detected  via  a  CCD  video  camera 
(CX'D  rcspon.se  range  from  400  to  700  nm)  w  hose 
output  is  displayed  on  a  monitor  and  a  Si  wide- 
area  photodiode  is  positioned  over  the  imaged 
spot  on  the  screen  in  order  to  quantify  the  inte- 
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gralcd  C'l.  intcnsin  as  a  fuiictiDn  ol  doping  condi¬ 
tion. 


3.  Results  and  discussion 

Integrated  C'L  intensitx  ilatti  recorded  in  situ 
during  growth  (at  the  growth  temperature)  have 
been  eollected  as  a  liinction  ot  doping  density  lor 
both  n-type  (chlorine-doped)  and  p-lypc  (nitro¬ 
gen-doped)  ZnSe  (l()())CiaAs  epilayers.  In  both 
eases  the  C'L  data  were  obtained  by  growing 
under  a  fi.xed  set  ot  groxxth  conditions  other  than 
the  dopant  source  condition  which  was  varied 
trom  sample  to  sample  in  order  to  vary  the  dop¬ 
ing  density. 

In  the  case  of  the  n-type  material,  post-growth 
room  temperature  H;ill-effect  measurements  were 
performed  on  the  samples  to  ohitiin  free-eleciron 
concentrations  while  post-growth  room  tempera¬ 
ture  capaeittmee -\oltage  ((  -I'l  metisuremenis 
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were  made  on  the  p-iype  s;miphs  ni  order  t(' 
determine  net  accepic'r  concenir.ttions. 

,\s  c;in  be  seen  Irom  Ihe  dai.i  shown  in  f  ig,  J. 
;i  linear  relationship  was  toimd  in  the  case  ol 
n-lype  /nSc  between  inlegraied  ('1  intens...  and 
free-carrier  conceniralion  oxer  the  earner  ei'P- 
ceniralion  range  studied  ( in'  to  .s  ■  lb"' cm  ' 
Such  d;  I  I  wouki  im|xly  that  raihatixe  recombina¬ 
tion  pn'sesses  arc  dommani  m  the  case  ol  the 
chlorinc-ilopcxi  material  oxer  the  imlicaied  car¬ 
rier  concentration  range  xhile  non-radiatixe  re- 
com'  illation  [irocesses  are  insignilixani  in  iho 
case.  Lire  siluation  m  Ihe  case  ol  nitrogcn-ilopexi 
/.nSe.  howexer.  is  markedly  xlifferenl.  \s  can  be 
seen  from  lag.  .\  the  inteeraicd  (  I  iniensiix 
initially  increases  xxiih  inci.,;sine  net  accepioi 
x'oncenirali  n;  hoxxexer,  for  net  aeceploi  concen 
nations  aboxc  ^  d  ■  lb'  cm  .  the  inlegraied 
(  1.  intensity  .hops  off  ilramalically  with  mcieas- 
mg  net  acceptor  concentration.  Such  xiaia  xxould 
suggest  ilnit  non-radiatixe  iccornbination  pro¬ 
cesses  become  more  anxl  more  significant  as  the 
nitrogen  xloping  lexel  increases.  It  is  postulalcxl 
that  the  conceniralion  ol  sleep  lexel  non-raxliaiixc 
lecombination  centers  increases  with  increasing 
nitroeen  xlopin”,  becoming  Ihe  limiting  factor  in 
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terms  ot  the  liimineseenee  eiiie'eney  ;il  a  doping 
lesel  whieh  eorresp  .iids  to  a  ni-  acecplor  coneen- 
tration  around  2  x  l(l'  em  .  As  suggested  h\ 
Itdas  and  Allen  [15],  ell'ieient  turn-radiative  re- 
eomhination  ehtinnels  eould  be  provided  in  ZnSe 
due  to  the  presenee  of  Hall-Shoekicy-Read  deep 
eenters.  these  autlurrs  htiving  studied  the  radia- 
li\e  effieienes  irf  n  type  ZnSe  by  examining  blue 
luniinesi.enee  deetiy  times  at  room  temperature. 

I  imtlK.  t  ig.  4  illustrtites  a  nurdel  that  we  have 
derised  in  order  to  explain  r'ur  p-type  ZnSe ;  N 
data.  The  model  suggests  th;it  ;it  net  aeeeptor 
densities  less  than  '  2  \  Hi'  em  the  inte- 
gr.ited  band-edge  C'l.  intensity  is  free-e;irrier  eon- 
eentrtition  limited,  i.e..  rtidiative  transitions  ;ire 
ilominant.  while  at  net  aeeeptor  densitiew  greater 
than  -  2  Hi'  em  '.  the  integrated  band-edge 
(  I.  intensity  is  i)u;intuni  eflieieney  limited,  which 
implies  that  non-r;tdiative  reeombinatirrn  eenters 
assume  signifietint  eoneenlrtitions  in  this  rtinge. 

We  eonelude  by  suggesting  that  mrn-radi;itive 
deep  levels  leijuire  to  be  stiulied  in  heavily  dopeti 


l-ii;.  4.  Inicgritlcvj  y.dtliod*'iiimincbyciKc  inicnsitN 

plotted  -liiainsl  iK'l  JL'ceplor  eofKvntr.iliofi  .is  nic.ivtjred  hi 
/nSc  N  cpilriserA  In  the  Cdp.ieil.tnec  soh.ii:c  leehnupie.  \1m> 
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Zn.Se :  N  materitil  intended  for  ;ipplie;ition  in 
light-emitting  deviees  ;uul  suggest  that  our  retil- 
time.  in  situ  f'l.  intensity  measurement  technique 
IS  a  useful  method  irf  monittrring  the  impaet  of 
sueh  eenters. 
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Abstract 

An  optical  projection  system  has  been  developed  which  allows  patterning  of  both  layer  thickness  and  donor 
concentration  in  epitaxial  films  of  ZnSe  during  growth  by  molecular  beam  epitaxy.  Doping  features  with  a  period  as 
small  as  411  ^m  have  been  produced  and  it  appears  possible  to  reduce  this  by  at  least  one  order  of  magnitude.  Such 
in-situ  techniques  may  be  valuable  for  the  fabrication  of  more  sophisticated  devices  than  are  currently  being 
produced  from  the  wide-gap  [|-VI  compounds. 


I.  Introduction 

ZnSc  and  related  materials  are  currently  of 
interest  for  the  fabrication  of  optoelectrrrnic  de¬ 
vices  operating  in  the  blue/green  region  of  the 
spectrum.  The  attainment  of  p-type  doping  in 
these  materials  has  recently  led  to  the  develop¬ 
ment  of  blue/green  laser  diodes  (1-31.  optical 
modulators  [4..S1  and  self-electro-optic  devices 
(SKIiDs)  [6).  Improvements  to  these  devices  and 
the  development  of  more  sophisticated  ones  will 
require  the  spatial  modulation  of  both  layer 
thickness  and  dopant  concentration.  It  would  be 
advantageous  if  such  modulation  could  be  earned 
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out  during  growth,  preferably  by  an  optical  tech¬ 
nique.  as  this  would  considerably  simplify  device 
fabrication. 

Previous  studies  have  shown  that,  under 
above-band-gap  illuminatit)n,  the  growth  and 
doping  of  ZnSe  by  molecular  beam  epitaxy  (MBE) 
are  considerably  modified  by  the  generation  and 
subsequent  drift  of  electron-hole  pairs  and  con¬ 
sequent  shift  of  the  Fermi  energy  at  the  growth 
surface.  At  high  intensities  (1-4  W  cm  sele¬ 
nium  may  be  preferentially  desorbed  from  the 
growing  surface  leading  to  a  reduction  in  growth 
rate  [7.8]  when  the  Se/Zn  ratio  at  the  growth 
surface  falls  below  unity,  while  at  lower  intensi¬ 
ties  (  ~  2(H)  mW  cm  -)  UkuI  reductions  exceeding 
one  order  of  magnitude  may  be  made  in  the 
dtmor  concentration  when  iodine  is  used  as  a 
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dopant  [d].  Potential  exists,  therefore,  to  spatially 
modulate  both  film  thiekness  and  earrier  eoneen- 
tration  during  growth. 

In  this  work,  an  optical  system  Idr  the  projec¬ 
tion  of  patterns  onto  the  growing  layer  in  an 
MBH  system  is  described  and  the  photo-modula¬ 
tion  of  both  layer  thiekness  and  donor  concentra¬ 
tion  in  ZnSe  epitaxial  layers  is  demonstated. 


2.  Experimental  procedure 

Epitaxial  layers  of  ZnSe  were  grown  from  ele¬ 
mental  sources  on  n  '  GaAs  (lOD)  substrates  us¬ 
ing  a  Vacuum  Generators  2S8  MBE  machine  at 
substrate  temperatures  in  the  region  of  2<S0‘’C'. 
The  .Se :  Zn  tlux  ratio  (corrected  for  ion  gauge 
sensitivity)  during  growth  was  approximately 
l..^:l.  Donor  diiping  was  achieved  using  iodine 
produced  by  an  electrochemical  iodine  cell  which 
has  previotisly  been  described  [10].  It  was  pt'ssible 
to  illuminate  the  substrate  surface  during  growth 
via  a  specially  constructed  double  window  com¬ 
prising  an  outer  vacuum  window  mounted  in  the 
source  tlange  and  an  inner  window  heated  to 
=  400  (■  inside  the  growth  chamber.  By  prevent¬ 
ing  deposition  on  any  of  the  windows  associated 
with  the  growth  system,  tiiis  arrangement  elimi¬ 
nated  the  morphological  problems  often  encoun¬ 
tered  in  photii-modified  growth  resulting  from 
scattering  ol  tlie  illumination  and  consequent 
\aiiation  in  illumination  intensity  across  the  sam¬ 
ple.  In  the  present  work,  a  Coherent  Innova  1200 


Kr  ion  laser  operating  at  ,s.sl).7  nni  was  used  as  a 
source  of  stable,  high  intensity  above  band-gap 
radiation. 

Fig.  1  shows  the  optical  system  used  to  project 
on  optical  grating  onto  the  sample  surface  during 
growth.  The  laser  beam  passed  through  a  diffrac¬ 
tion  grating  (Damman  grating  [11])  followed  by  a 
cylindrical  lens  to  form  a  first  order  diffraction 
pattern  comprising  S  lines  of  equal  intensity  in 
the  back  focal  plane  i>f  the  cylindrical  lens  to¬ 
gether  with  weaker  higher  order  patterns  either 
side  (not  shown).  This  plane  could  then  be  fo¬ 
cussed  onto  the  growing  surface  by  the  imaging 
lens.  Approximately  S()''7  of  the  laser  light  inci¬ 
dent  on  the  Damman  grating  was  incorporated 
into  the  central  first  order  pattern  with  each  of 
the  two  second  orders  having  <  lOG.  This  sys¬ 
tem  allowed  an  image  to  he  projected  onto  the 
growing  surface  with  all  optical  components  con¬ 
veniently  located  external  tc'  the  growth  system. 
The  distance  from  the  imaging  lens  to  the  sub¬ 
strate  was  in  the  region  of  1  metre.  Final  image 
si^e  was  adjustable  by  altering  the  relative  posi¬ 
tions  of  the  three  optical  elements. 

Cathodoluminesence  studies  were  performed 
at  10  K  using  a  Cambridge  Stereosean  1.^0  Mk2 
SF;M  equipped  with  a  l.aB„  source  operated  at 
II)  kV  as  is  described  in  detail  elsewhere  ]12]. 

Results  and  discussion 

.A  photograph  of  the  photoluminesence  emis¬ 
sion  at  room  temperature  from  an  iodine  doped 


/.  MuHins  fi  ill.  /  Jtmniiil  of  Crystal  (!n»vtli  US  ^  .^57  .?o/ 


Kig.  Z.  Photograph  of  room  icmperaiurc  phoiolumincscncc 
<iblainev.l  from  a  layer  of  iodine  doped  ZnSc  on!(»  which  an 
optical  grating  with  a  period  of  53(1  ^m  has  been  projected 
during  grt^wih.  The  dtimir  concentration  in  the  backgrtuind 
(bright)  is  lo'  i.ni 


ZnSc  layer  grown  using  the  patterning  method 
deseribed  abine  is  shown  in  big.  2.  Close  lo  the 
eentre  of  the  wafer  is  a  elearly  defined  set  r>f  S 
dark  lines  with  a  period  of  532  /am  eorresponding 
to  a  negative  image  of  the  first  order  diffraetion 
pattern  produeed  by  the  Damman  grating.  At 
either  side  of  this  pattern  are  several  sets  of  dark 
lines  produeed  by  the  higher  orders  of  diffraction. 
The  dark  lines  correspond  to  areas  in  which  the 
donor  eoneentration  has  been  reduced  by  the 
incident  illumination  and  where,  consequently, 
the  donor  bound  excitonic  emission  is  weaker.  In 
the  case  of  the  first  order  grating  the  average 
illumination  intensity  in  the  (Ciaussian)  illumi¬ 
nated  stripes  was  2  W  cm  '  with  a  lull  width  at 
half  ma.ximum  (I'NV'HM)  of  I2S  /um.  The  dmior 
concentration  in  the  (bright)  background  was  7  > 
Id'  cm  ’  as  determined  by  capacitance- voltage 
profiling  [13]. 

l  ig.  3  shows  a  surface  profile  taken  across  the 
first  r)rder  pattern  obtained  using  a  Dektak  sur¬ 
face  profiling  system.  In  addition  to  the  reductK)n 
in  donor  concentration,  it  is  apparent  that  some- 
growth  rate  reduction  has  also  taken  place  lead¬ 
ing  lo  modulation  of  the  sample  surface.  Troughs 
approximately  200  nm  deep  replicating  the 
(jaussian  profile  of  the  laser  beam  have  been 
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Fig.  3.  Surface  profile  oblaineJ  from  ihe  laser  sht'wn  in  !  ig.  7. 


produced  in  a  film  0.‘*2  /xm  thick.  Profiling  of  the 
sample  surface  is  much  reduced  in  the  second 
order  patterns  where  Ihe  axerage  intensin  is  < 
lO'V  of  that  of  the  first  order.  In  this  case  the 
troughs  are  reduced  lo  a  depth  of  =  40  nm 
corresponding  to  a  mtiximim  growth  rale  reduc¬ 
tion  of  =  4' f . 

A  surface  profile  taken  from  ;i  0.S4  jum  thick 
sample  illuminated  with  the  same  pattern  as  pre¬ 
viously,  but  with  the  period  reduced  to  300  jum 
and  an  illumination  intensity  at  PWHM  cif  0.4  W 
cm  ■  is  shown  in  I-'ig.  4.  In  this  ease,  modultition 
of  the  sample  surface  is  reduced  to  =  30  nm  or 
=  y  (  i>f  the  growth  rate.  The  microgrtiph  in  Fig. 
5  is  a  cathodoluminesence  image  taken  from  part 
of  this  sample.  As  in  the  ctise  of  the  photolumi- 
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big.  4.  Surtiicc  prt>lilc  I'bt.iincii  tii>m  a  I.inci  I'l  uniinc  dtipcJ 
/nSc  t»nlt'  which  .in  oplic.il  graling  wilh  a  pcniHl  t)t  3(X)  ^ni 
aiul  iin  illunnnalion  inlcnMl\  al  I  NVMM  i>l  400  mVs  cm  had 
been  pnirccleci  tiunng  gr<»wfh. 
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Fig.  C'athodoluminesence  image  obtained  from  the  sample 
shown  in  Fig.  4.  The  donor  concentration  in  the  background 
(brightt  is  Sx  Id'  cm  '. 


nesencc  image,  the  brighter  regions  correspond 
to  areas  where  the  donor  concentration  has  not 
been  reduced  by  illumination  during  growth. 
Three  bright  bands  can  be  seen  across  the  centre 
of  the  image  with  a  period  of  approximately  3(K) 
/am  corresponding  to  the  first  order  pattern.  Su¬ 
perimposed  on  this,  and  visible  in  the  darker 
regions,  are  series  of  lines  with  a  period  of  one 
eighth  of  the  first  order  pattern  (  =  4(1  /am).  These 
lines  were  unintentional  and  resulted  from  a  slight 
mis-alignment  of  the  optics.  They  do,  however, 
illustrate  the  potential  for  producing  fine  struc¬ 
tures  with  this  system. 

Optical  microscopy  of  these  samples  showed 
that,  notwithstanding  the  modulation  of  the  layer 
thickness  described  above,  the  specular  morphol¬ 
ogy  of  the  non-illuminated  areas  was  maintained 
in  the  illuminated  regions  indicating  the  effective¬ 
ness  of  the  heated  window. 

The  ultimate  resolution  of  this  technique  may 
depend  on  three  factors:  (i)  carrier  diffusion,  (ii) 
diffraction  effects  and  (iii)  machine  vibration. 

Carrier  diffusion  depends  on  the  amhipolar 
diffusion  coefficient.  I).  and  the  carrier  lifetime. 
7.  according  to  the  relation  x' =  Dt  where  .v 
represents  distance.  Taking  D  =  2..‘i  cm’ s  '  [14] 
and  T  =  2.‘'()  ps  [14. 1.S]  for  ZnSe  gives  a  value  of 
1)2.''  /am.  Diffraction  effects  limit  resolution  to 


the  order  of  the  wavelength  of  the  light  used,  in 
this  case  350.7  nm.  The  effects  of  machine  vibra¬ 
tion  may  be  reduced  to  submicron  levels  as 
demonstrated  by  the  use  of  electron  beam  writing 
in  MBE  [16].  There  is  therefore,  in  principle,  no 
reason  why  resolution  in  the  region  of  one  micron 
should  not  be  attainable. 


4.  Conclusion 

Photo-patterning  of  both  layer  thickness  and 
donor  concentration  has  been  demonstrated  in 
epitaxial  films  of  ZnSe.  The  use  of  a  projection 
system  ba.sed  on  a  Damman  grating  allows  all 
optical  components  to  be  located  external  to  the 
growth  system  and  has  enabled  doping  features 
with  a  period  as  small  as  =40  /im  to  be  realized. 
The  lower  limit  on  feature  sizes  is  estimated  to  be 
in  the  region  of  1  /um  and  although  this  has  not 
yet  been  reached,  the  present  resolution  is  ade¬ 
quate  for  the  current  generation  of  ZnSe  based 
devices.  It  would  in  principle  be  possible,  for 
example,  to  define  a  ridge  laser  structure  with 
reduced  n-type  doping  outside  of  the  ridge  in 
order  to  provide  gain  as  well  as  optical  confine¬ 
ment.  Such  in-situ  optical  proce.ssing  reduces  the 
number  of  processing  steps  in  device  fabrication 
and  also  avoids  the  potential  for  damage  likely  in 
the  fragile  11-VI  compounds  if  conventional 
techniques  such  as  reactive  ion  etching  or  ion 
implantation  are  used. 
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I  he  mlenlillusioit  in  sinylc  c.|ii.iniiin)  well  'truelurcs  w;ie  elmlieil  Ini  .1  wiiiel;.  nl  II -\  I  -L'nilcniuiiielor  ni,ilcii;il' 
b.iseel  nil  ('il’I'c  ,iiul  /nSc.  In  [Xirlicular  wc  h.ive  iincsiitnilcel  (  ilTc  C'llMnrV,  (  iHc  (dMere.  Ile,('il;  ,  le  I  le 
(  il  Te  anil  /nSe  Cii/n.Se  Nlniclures  in  which  .111  imermixinu  nl  cnUniin  II  clcmciils  can  he  iiiiUieea  a--  well  ae 
/nSe  /nSSe  allnwint;  an  inleulilliieinn  wilhin  the  enhimn  \’l  Mihlalliee,  The  Jilliieinn  was  imiiieea  h\  lapkl  ihernial 
annealing  ( R'l'A)  Inr  I  min  al  ililTerenl  lemperaliires.  The  resiilliiif;  hliie  shill  nl  ihe  eharaeteiistie  cmissinii  speelrum 
was  .iiiaK/etl  usinj;  phninhiinineseenee  speeirnsenpe.  \Vc  nbseneci  a  sicnilieant  ihllereiiee  I'l  Ihe  ililliisinii  heh.ninr 
helween  hnlh  iiuuips  nl  m.ilerials.  While  in  all  three  ('ei  re  hasetl  m.ilenal  sssieins  an  almnsi  enmplele  iiueielilliisinn 
wilhin  Ihe  enhimn  II  suhlalliee  enuki  he  nhlaineil  al  a  hiyh  npiieal  i|iiahu  nl  ihe  snuetiiies,  hnih  /iiSe  baseJ 
i|iianliim  wells  shnw  niiK  lemarkahh  small  elillusinn  lentilhs.  I  nr  all  three  {  il  l  e  haserl  iiiianliim  wells  we  elerneil  .m 
aelnalinn  energ>  nl  the  inlenhUusinn  prneess  frnm  a  simple  l  iekian  ilillnsinn  mndel  .ipplieil  in  niir  measiiremenis. 
\Se  nhtaiiied  a  \ahie  nl  2.S  e\  Inr  (  li  re  CilMn  l  e  ami  (  il  l  e  (  ilMirTe  aiul  a  i.ihie  2  1  e\  Ini 
lle.(il,  .'fe  Ilii.Cih  .le. 


Otic  (d  the  t(indarticiilal  role  <il  dintisioii  lor 
the  production  ot  semieonduetor  devices.  Ihe 
sludv  ot  dillusion  in  semieoiuliieloi  eiyslals  has 
heen  ot  large  interest  in  tite  lust  \eurs.  SeU-diffu- 
sion  or  impurilN  ditlusion  in  lll-V  and  ll-Vl 
bulk  materials  was  studied,  e.g.  In  seeondarv  ion 
mass  spectroscopy  (SIMS),  a  technique  that  al¬ 
lows  a  direct  scanning  ol  the  diltusion  protile  It). 
In  recent  years,  dillusion  has  also  been  investi¬ 
gated  in  thin  heterostruetures  which  oiler  an 
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inieresting  source  ol  eoiieenlration  gr.idients.  I  he 
interilillusioii  ol  the  materials  in  the  well  and 
barrier  layers  results  in  a  blue  shilt  ol  the  emis¬ 
sion  spectrum  [2].  1  he  iechnologic.il  intcrcsi  iin 
this  ellect  arises  tioni  the  possibility  to  tune  Ihe 
wavelength  ol  an  optical  emitter  by  simply  .111- 
ncaling  the  device.  On  the  other  haiul.  it  h.is 
been  shown  in  lll-\  quantum  wells  that  the 
selective  implantation  ol  ions  in  a  semieonduetor 
heterostruclure  oilers  the  possibility  to  define  a 
lateral  conrinemeiit  |.\4l.  Up  to  now  the  investi¬ 
gation  of  diffusion  in  heterostruetures  has  been 
restricted  mainly  to  lil-V  materials.  Only  few 
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1.  PI.  spectra  ot  the  cxcilonic  rcctwhinalion  i>t  a  Si)  A 
C'd  ic  Cdi.-iMg,,  >.i  f  c  quantum  '.veil  heforc  and  alter  anneal¬ 
ing  for  1  mm  at  temperatures  Kclweeii  450  and  '’OC.  The 
energy  of  (he  harrier  is  indicated  hv  an  arrow. 


base  been  repdrled  on  interdilTusion  in 
ll-Vl  heteri'struetures  [5.6], 

In  ibis  paper  we  report  on  a  eH)mparative  in- 
^e^^igation  of  diffusion  in  Il-VI  single  quantum 
wells  from  fise  different  material  systems  grown 
by  moleeular  beam  ei)itaxy  (MBE)  or  nielab>r- 
ganie  vapor  phase  epitaxy  (MOVPIi).  Three  of 
these,  namely  C'd  re/CdMg  Te.  CdTe/CdMii  Te 
and  ffg^Cd,  ,'re/Hg,C'd|  .'I'e.  are  based  on 
(  tire  while  the  other  two.  ZnSe/CdZnSe  and 
/.nSe  '  ZnSSe,  are  based  on  ZnSe.  In  all  three 
C'd'le-based  material  systems  and  in  ZnSe/ 
C  dZnSe.  the  interdiffusion  takes  place  wiihin  the 
eohimn  II  sublattiee.  while  in  ZnSe/ ZnSSe  the 
eolumn  VI  elements  are  intermixing.  We  an¬ 
nealed  single  quanlum  well  structures  grown  of 


these  materials  and  eharaeierized  the  processed 
samples  by  photolumincsccncc  (PL)  spectroscopy. 
Prom  the  observed  blue  shifts  we  found  a  differ¬ 
ent  diffusion  behavior  for  Cd  I'e  and  ZnSe-based 
materials.  While  CdTe-based  materials  show  a 
blue  shift  up  to  the  barrier  energy,  in  ZnSe-based 
quantum  wells  no  blue  shift  larger  than  a  few 
meV  could  be  induced. 

In  Table  I  an  overview  of  the  investigated 
samples  is  given.  Listed  for  each  material  system 
are  the  growth  technique,  the  growth  tempera¬ 
ture.  the  substrate  material  and  the  quantum  well 
thickness.  The  interdiffusion  was  induced  by  rapid 
thermal  annealing  (RTA)  at  different  tempera¬ 
tures  with  an  annealing  time  chosen  to  be  1  min. 
During  the  annealing  process,  the  samples  were 
exposed  to  a  continuous  llu.x  of  .M,  to  avoid 
surface  oxidation  and  covered  with  a  silicon  wafer 
tt)  reduce  material  evaporation.  Due  to  the  inter¬ 
diffusion.  the  composition  profile  of  the  struc¬ 
tures  is  altered  in  such  a  way  that  the  bottom  of 
the  conduction  band  (top  of  the  valence  band)  is 
shifted  to  higher  (lower)  energies  resulting  in  a 
blue  shift  of  the  excitonie  recombination.  We 
used  photolumineseence  spectroscopy  (PL)  to 
characteri/e  the  annealed  samples.  The  C'dl'e 
based  structures  were  excited  by  the  .''I4..>  nm 
line  of  an  Ar  laser,  while  the  nm  line  was 
used  to  excite  both  Zn.Se  based  systems.  Ihe 
photolumincseenee  signal  was  dispersed  by  a  1)..' 
m  monoehromator  and  detected  by  a  ('C'D  cam¬ 
era.  l  or  HgC  dl'e  a  cooled  germanium  deteeto. 
was  useil. 

Pig.  1  displays  some  photolumineseence  spec¬ 
tra  of  the  excitonie  recombination  of  an  St)  .-\ 
(  d  i  e,  (  dMg  I'e  quantum  well  annealed  .it  differ- 
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ent  temperatures.  The  leftmost  spectrum  was 
taken  from  the  as-grown  structure.  The  other 
spectra  arc  those  of  the  annealed  samples  and 
exhibit  the  blue  shift  of  the  photoluminescence 
signal.  For  an  annealing  time  of  I  min  increasing 
the  annealing  temperatures  from  450  to  540°C 
leads  to  an  increasing  blue  shift  of  the  photolumi¬ 
nescence  spectra.  For  the  highest  annealing  tem¬ 
peratures  of  54()°C  the  photoluminescence  signal 
is  blue-shifted  almost  to  the  energy  of  the  barrier, 
i.e.  nearly  through  the  entire  spectral  region  pos¬ 
sible,  indicating  an  almost  complete  intermi.xing 
of  the  well  and  barrier  materials. 

For  quantum  wells  annealed  at  temperatures 
higher  than  460°C,  the  halfwidth  of  the  photolu¬ 
minescence  spectra  increases  from  about  10  to  15 
meV  for  CdTe/CdMgTe.  This  is  probably  due  to 
a  slightly  inhomogeneous  diffusion  process  lead¬ 
ing  to  non-uniform  shapes  of  the  composition 
profile  throughout  the  samples.  Nevertheless  the 
broadening  of  the  photoluminescence  signal  is 
relatively  small  and  indicates  a  good  optical  qual¬ 
ity  of  the  processed  structures.  In  conjunction 
with  the  increase  of  the  linewidth.  the  intensities 
of  the  PL  signals  decrease  for  the  strongly  inter¬ 
mixed  quantum  wells.  We  attribute  this  to  the 
creation  of  defects  during  the  diffusion  prcKcss. 

In  Fig.  2,  the  corresponding  blue  shifts  of  the 
photoluminescence  from  the  annealed  structures 
,irc  plotted  versus  the  annealing  temperature  for 
all  three  C'dTe-based  materials.  For  Cd  Fc / 
C'dMgTe  we  observed  energy  shifts  up  to  ,46(1 
meV.  This  value  is  larger  than  any  interdiffusion 
induced  energy  gap  change  achieved  in  lll-V 
materials  so  far.  The  proper  temperature  regions 
for  1  min  annealing  are  roughly  the  same  for 
C'dTe/CdMnTe  and  CdTe/CdMgTe  and  lies  be¬ 
tween  400  and  54(fC.  while  annealing  tempera¬ 
tures  between  280  and  ,4.40°C  are  sufficient  to 
induce  interdiffusion  in  Hg.Cd,  .'Fe/  Hg, 
Cd,  /Fe  quantum  wells.  F'or  all  three  materials 
the  photoluminescence  signal  shifts  close  to  the 
energy  of  the  barrier.  Fhus.  within  all  three 
Cd  Fe-based  materials,  it  is  possible  to  intermix 
the  well  and  barrier  material  almost  completely 
without  destroying  the  high  quality  of  the  epita,xy. 

From  the  measured  energy  shifts  we  derived 
diffusion  coefficients  for  each  annealing  tempera- 


c:  :t()0 


100 


-10, \  CdTc  Cd,^Mn(  .Jc  '4'* 
HOi  r<!T»  Q'' 

■JOA  fliic  js'-'ic  •: 


f  4 .1  r  r  1  p  r 

▲ 


0  j^vl- 


250  noo  :3f>0  400  450  '.00 

Aiirif'aling  TeinfMTatiirc  ['’Cj 


Fig.  2.  [  nergy  shifts  of  the  PL  sigii.il  i>f  ^inncalesl 
Hg„,,rd„  j-Te/Hg„,„('d„-|Tc.  CdTc  / ('d„ Mg„  I and 
CdTc/C  d,,^,Mn||  ijTc  quantum  structures.  The  largest 
energy  shifts  of  each  material  corresponds  to  the  energy  ot 
the  harrier  in  the  as-grown  samples. 


turc.  The  profile  of  the  interdiffused  quantum 
well  was  determined  from  the  composition  profile 
depending  on  the  diffusion  length  We  solved 
the  onc-dimension;il  Schriidinger  equtition  nu¬ 
merically  [7]  ;md  obtained  thereby  a  eorrelalion 
between  the  measured  blue  shift  and  the  diffu¬ 
sion  length.  Finttlly.  the  diffusion  eoeffieient  was 
calculated  from  D  =  L]^/r.  where  r  is  the  an¬ 
nealing  time.  The  results  are  displayed  in  F-ig.  .4. 
The  diffusion  coefficients  I)  are  plotted  versus 
the  reciprocal  temperature  \/kT.  The  apprt.xi- 
mately  linear  dependence  of  In  D  and  \/kT  al¬ 
lows  one  to  model  the  temperature  dependenee 
of  the  diffusion  eoeffieient  by  an  Arrhenius  law. 

D{T)  =  1).  e.\p(  -KjkJ). 

where  /.,  is  the  activation  energy  necessary  for  a 
single  diffusion  process  of  a  particle  within  the 
crystal  hittiee.  I'he  activation  energy  can  he  de¬ 
rived  from  the  slope  t.f  the  linearly  fitted  curves. 
We  obtained  a  value  of  2.8  eV  for  both  the 
CdTc/CdMn'Fe  and  the  C'dTe/CdMgTe  quan¬ 
tum  well  and  a  value  of  2.1  eV  for  Fig^Cd,  ,'Fe/ 
Hg,C'd|  ,Tc.  In  our  calculations  we  neglected 
for  simplicity  the  concentration  dependence  of 
the  diffusion  in  ffgC'd'Fe.  which  is  reported  by 
several  authors  [6,8].  In  consequence  our  value  of 
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the  activatitin  cnerg>  in  this  material  lies  a  little 
above  those  published  in  these  works. 

The  investigation  of  the  ZnSe-based  material 
systems  reveals  a  signifieantly  different  diffusion 
behavior.  In  l-'ig.  4.  the  PL  spectrum  of  the  as- 
grown  A  ZnSe/C'dZnSe  quantum  well  and  of 
the  same  structure  annealed  at  6(MTC  is  dis¬ 
played.  The  annealed  sample  exhibits  an  energy 
shift  of  21)  meV  in  conjunction  with  a  decrease  of 
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the  PL  intensity  by  more  than  one  order  of  mag¬ 
nitude.  Annealing  at  higher  temperatures  lead.', 
to  no  further  energy  shift  but  to  a  complete 
vanishing  of  the  characteristic  photoluminescence 
signal,  although  from  the  total  confinement  of  the 
quantum  well  blue  shifts  up  to  200  meV  should 
be  possible.  The  10  A  ZnSc/ZnSSe  samples  were 
annealed  at  580,  660  and  700°C,  and  reveal  en¬ 
ergy  shifts  smaller  than  40  meV.  which  are  lower 
than  the  band  discontinuity  of  this  quantum  well 
structure  of  about  400  meV.  A  further  increase  of 
the  annealing  temperature  quenches  the  PL  in¬ 
tensity  completely.  For  both  material  systems,  a 
variation  of  the  annealing  time  did  not  improve 
the  quality  of  the  annealed  structures.  This  diffu¬ 
sion  behavior  is  in  strong  contrast  to  that  of  CdTe 
based  quantum  wells,  where  a  almost  complete 
intermixing  is  possible  without  quenching  the  lu¬ 
minescence  signal.  The  explanation  of  this  effect 
is  not  clear  yet.  Although  an  explanation  is  prob¬ 
ably  difficult  due  to  a  luck  of  information  on  the 
crystal  lattice,  it  is  worth  noting  that  C’d  l'e.  Hgl'e. 
MnTe  and  MgTe  have  noticeable  larger  lattice 
constants  than  the  other  materials  (sec  Table  2). 
which  might  have  an  influence  on  the  stability  of 
these  crystals  against  annealing. 

Another  interesting  point  are  the  temperature 
regions  necessary  to  induce  interdiffusion  in  the 
investigated  quantum  well  structures.  The  small¬ 
est  temperatures  are  necessary  for  Hg,Cd,  ,10/ 
Hg,('d|  ,’re  which  show  interdiffusion  effects 

I  able  : 

Properties  o!  several  II  \'l  semieonkluetor  maleriaK;  li-sled 
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ami  the  melting  point  7,„ 
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for  temperatures  smaller  than  3()()°C.  The  proper 
temperature  region  for  annealing  CdTe/CdMg  To 
and  CdTe/CdMnTc  structures  is  roughly  the 
same  and  lies  within  390  and  54()°C,  while  for 
ZnSe/CdZnSe  as  well  as  for  ZnSe/ZnSSe.  a 
temperature  of  about  60()°C  is  necessary  to  obtain 
small  blue  shifts.  It  is  interesting  to  compare  the 
Debye  temperature  and  the  melting  temperature 
of  these  materials,  because  both  the  temperature 
necessary'  for  the  activation  of  lattice  vibrations 
and  the  destruction  of  the  crystal  lattice  are  ex¬ 
pected  to  be  correlated  with  the  temperature 
necessary  to  induce  interdiffusion.  In  Table  2,  the 
Debye  and  melting  temperatures  are  listed  for  a 
variety  of  semiconductor  alloys.  F-'or  HgTe,  Cd  Te 
and  ZnSe.  the  Debye  temperature  as  well  as  the 
melting  temperature  are  growing  from  HgTe  to 
ZnSe  and  reveal  therefore  the  same  tendency  as 
the  characteristic  interdiffusion  temperatures  of 
the  material  systems  investigated  in  this  paper. 

In  summary,  we  have  investigated  the  diffusion 
in  single  quantum  wells  grown  of  five  different 
ll-Vl  semiconductor  materials.  We  found  that  all 
three  CdTe-based  materials,  Hg,C'd|  .'Te/Hg, 
C'd,  ;i  e,  C'dTe/CdMnTe  and  Cd  Te/CdlVIg'l  e, 
offer  the  possibility  to  completely  intermix  the 
quantum  well  and  barrier  material  without 
quenching  the  luminescence  signal  and  as  a  con¬ 
sequence  to  shift  the  photoluminescence  signal 
almost  up  to  the  energy  of  the  barrier.  This 
properly  makes  these  materials  promising  candi¬ 
dates  for  optical  emitters  with  a  wavelength  that 
can  he  tuned  by  a  thermal  process.  On  the  other 
hand,  in  Z.nSe/CdZnSe  and  Z.nSe/ZnSSe  quan¬ 
tum  wells,  energy  shifts  of  only  a  few  meV  were 
achieved  without  destroying  the  optical  quality  of 
the  grown  structures.  I'urthermore.  the  tempera¬ 


ture  nccessaiy  to  obtain  a  signilicant  dilfusion  lor 
1  min  annealing  is  smallest  for  the  Hg,Cd;  Te 
HgjCd|  /Te  system  and  increases  o\er  (  die 
CdMg(Mn)'Te  to  ZnSe/Zn('d(S)Se. 

The  work  at  Wurzburg  university  was  finan¬ 
cially  supported  by  the  Bayerische  Torsehungs- 
verbund. 


I.  References 

III  I).  Sh;iv\.  .1.  Civ^tai  tirnwlli  S(i  (  lassi  '"s 
DI  .M.D.  (  annas.  N.  tialainak.  .It  .  Rl)  itinnh.ini,  W 
Slrcilcr.  D.R.  Scitres.  I.l  .  I’.n'li  .mil  (  I  in  Nlroni.  ,I 
/\ppl.  Rhvs.  .S4  t  ins.O  .sp.C, 

l.t|  ('.  Vicii.  M.  Si.hni.-ii.li.T.  I).  MailK.  R  I’l.inel.  II  I  aiinois. 
.I.y  .  M.ir/ln  ami  tt.  Deseouls.  .1,  ,\ppl,  I’hss  "P  ipmli 
1444. 

14]  II.  Icier.  .A  lorclicl.  ( i.  Ilorclicr.  .1.  I  lomnicl.  S.  Basel. 
II.  Ralhli  il/.  (i  W  elm. inn  .iiul  W  Selilapp.  I.  .\ppl 
Bliss,  lo  ( I'l'ilil  Lsil.s. 

|.s|  .A.  Ilamomli.  T.  I  ieeon.  K.  S.nninasl.is.ii.  .1  (  iheil.  I  e  Si 
I.)an.u  .nul  S.  1  .il.irenkn.  .Appl.  Ptiss.  I  etl.  fiO  I  I'mJl 
(p1  .a.  I'arsUn.  .\.  H.mmusli.  N.  M.iene.i.  iV  (ientile  .imi  I.l 
I’aiitral.  Senneomi.  Sei.  leehmil  s  i  I'ln.’l 
I’l  W  .\V.  I  .III  .iml  M  !  iikiima.  .1  .\ppl.  I’liss.  mill  nsni  i  sss 
|s|  .I.II.C.  Ilai;!;.  A.  B.iirsioss.  (I  W  M.iUhesss.  I)  Sli.iss  ,iiul 
.1.1).  Slesinian.  M.ilet.  Sei.  I  ne.  H  In  I  inn.'o  I'is 
I'd  I  null'll  Biniislein.  Ness  Senes  III  ;y.i.  Seinieinuhie 

li'is;  Inlnnsie  I’ropeilies  i>l  (in'iip  l\  I  iemenls  ,iiul 
lll-\  .  II  \l  aiul  I  \  II  (  innpiniiuls,  l  a.  o  M.kleliin.L- 
(Sprineer.  Berlin.  I'iS'l. 

|MI|  I  amloll  Boinsiein,  Ness  Senes  III  I  "b.  Seniienikliit- 

tars:  I'hssies  .  ,  ||  \  I  ami  I  \  II  <  ainpaiimls,  Semini.ie- 
netie  .Seinieamliielais.  lul.  ( ).  M.klelune  I  Sprineei .  Bei  liii. 
I'lsyi 

[III  R  I.  Delses  .iilil  B.  lessis.  .[  Phss  (  hem  Si'ikls  1 
( |i|(,.!(  541). 

|14|  .\.  Wa.ie.  II.  Ileinke.  S  Sehail.  (  R  Beekei  .inJ  (i 
1  .tnilssehi.  .1.  (  rssi.ii  ( iiass  ih  1.'  I  (  |nn  ii  i-ir. 


.  CRYSTAL 
GROWTH 


i  i  SI  \  ii:r 


.Unirnai  ol  Ciaslal  ( inmth  13S  ( 4*^^ 


Phase  separation  in  ZnSe,  and  Zn,  ,  Mg,Se,  ,S,  layers 
grown  by  molecular  beam  epitaxy 

G.C.  Hua  *  •',  N.  Otsuka  D.C.  Grillo  J.  Han  L.  He  R.L.  Gunshoi  " 

St  of  \liiit’rtiil\  l-.ni^intTniii:.  ISii'tlur  t  tiif  i-rMix  li  i-\i  I  .iifnt'ilf.  hitlmnii  4^0fr,  rs.  I 
"  St  liixil  of  IJft  Dll  III  I  I'unlui  I'liii  I'lsiix.  tfi-\i  I  iiftmlif.  Iiulnititi  4~'lir,  I  S  I 


AhstriKt 

The  ocxairrcncc  ol  pl\asc  separation  in  ( ItKl)  ZnSc I  ,S,  and /n,  ^Me.Se,  ,S,  lasers  itrinsn  In  inoieetnar  heani 
epilaxs  ssas  toimd  In  irtmsniission  eleetron  mieroseops.  The  direetion  ol  the  phase  sep.iralic'ii  is  llll  1],  ami  the  [lerioil 
ol  the  eomposituin  modulation  ranttes  trom  .’III)  to  St)!)  A.  .\-ias  inieroanalssis  ol  the  i\so  reeions  resnliini;  Ironi  the 
phtise  separation  shossed  one  to  he  sullur-rieh  and  the  other  sullur-derieienl.  r..e  one-to-i’ne  eorrespondenee  o|  the 
ssass  surtaee  siriieture  and  the  eomposilion  modulation  sustaesis  that  the  phase  separation  oeeurs  sia  noiuinilorm 
ineorporalion  ol  sullur  titoms  into  the  ssass  itrosslh  plane  ol  the  epilaser. 


Ihe  employment  ol  tenitiry  ZnSe,  ,S,  tind 
i|u;ileriniry  Zn,  ,Mg,Se|  ,S,  phases  litis  led  to 
reeent  sirtnifietmt  progress  ol  hlue-green  diode 
Itisers  [l-.^J.  riiese  alios  phtises  proside  consider- 
tible  flexibility  for  designing  laser  struelitres  un¬ 
der  the  restrietion  of  hittiee  mtitehing  to  the  (iti.As 
siibstrtite  erystal.  Room  tempertiture  laser  opertt- 
tions  under  pulsed  eonditions  (I  ^rs.  HI  '  iluty) 
htive  been  achieved  for  up  to  1  h  by  using  pseu- 
domorphic  structures  in  which  terntiry  and  qua¬ 
ternary  hiyers  serve  as  wtise  guiding  tind  citulding 
hiycrs,  respectively  [.^). 

IDuring  the  course  of  the  trtinsmission  electron 
microscope  (  ITiM)  analysis  of  laser  structures 
grown  by  molecuhtr  betim  cpiliixy  (MBIT,  we 
have  found  phtise  separation  in  a  number  of  Ihe 
terntiry  tind  qiialerntiry  Itiyers.  The  phti.se  septirti- 
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lion  occurretl  nearly  tilong  the  l011|  direetion  in 
the  (11)11)  epilayers.  l-fy  .X-ray  microtmtiKsis.  the 
phase  separation  wtis  found  to  be  periodic 
changes  of  .Se  tiinl  .S  conceniraiions.  I'p  to  the 
present,  phase  separtition  ha^  been  obseiverl  in 
many  III  \  alloy  epilayers  |4i.  lo  our  knowlerlge. 
however,  there  are  only  few  caves  of  (ihase  sepa¬ 
ration  in  II  VI  tilloy  epiltiyers  l.^|.  I  he  ocetirienee 
ol  phase  separtition  may  have  significant  implica¬ 
tion  to  the  development  of  laser  struetures  basetl 
on  these  II  \T  tilloy  phases.  It  is  known  to  affect 
transport  and  optical  properties  [d],  1  tirlier  stud¬ 
ies  on  light  emitting  devices  baseil  on  Infia.Alt’ 
also  suggest  that  phase  separation  may  make  the 
vievice  more  degradtition  resisitinl  [()|.  In  this  pti- 
per,  we  present  I'HM  studies  of  phase  separalii'ii 
in  these  ll-VI  tilloy  Itiyers.  including  results  ol 
X-ray  microtinttlysis. 

Ihe  terntiry  and  viutirterntiiy  epilayers  .ind 
liiser  struetures  eonttiining  tilloy  itiyers  were  grown 
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at  temperatures  ranging  from  245  to  26(fC  on 
( 100)  OaAs  by  using  a  Perkin-Elmcr  430  modular 
MBE  system  with  elemental  Zn,  Se  and  Mg 
sources  and  a  ZnS  source.  The  total  cation-to-an- 
ion  flux  ratio  was  adjusted  to  maintain  a  barely 
anion-stabilized  growth  surface,  as  evidenced  by  a 
diffuse  (2x1)  surface  reconstruction.  Average 
compositions  of  quaternary  epilayers  were  deter¬ 
mined  by  using  a  Cameca  SX50  electron  micro¬ 
probe.  Average  compositions  of  ternary  layers  in 
laser  structures  were  estimated  ba.scd  on  the  flux 
conditions  and  X-ray  rocking  curve  measure¬ 
ments.  A  JEM  2000EX  transmission  electron  mi¬ 
croscope  and  a  JEM  2()()()  FX  analytical  electron 
microscope  were  used  for  examination  of  mi¬ 
crostructures.  Crrrss-sectional  samples  with  two 
orthogonal  (Oil)  directions  and  plan-view  sam¬ 
ples  were  prepared  by  ion  milling.  The  conver¬ 
gent  beam  electron  diffraction  technique  was  em¬ 
ployed  in  order  to  identify  the  [Oil]  and  [OlT] 
directions  t)f  cross-sectional  samples  [7]. 

A  series  of  laser  structures  and  alloy  epilayers 
were  examined  by  TEM  observations  of  [01 1]  and 
[OlT]  cross-sectional  samples.  Among  those  lay¬ 
ers.  all  quaternary  epilayers  with  sulfur  concen¬ 
trations  greater  th;m  .v  =  0.2  exhibit  strong  phase 
separation.  About  one  half  of  the  ZnSe,  ,S, 
layers  with  v  =  0.07  were  found  to  have  phase 
separation.  In  quaternary  layers  with  sulfur  con¬ 
tents  chtse  to  .V  =  0.12.  no  clear  image  r)f  phase 
separation  was  ob.served:  some  layers  appear  to 
exhibit  very  wetik  contrasts  of  phase  separation. 


Figs,  la  and  lb  are  200  dark  field  images  of 
[OlT]  and  [oil]  cross-sectional  samples  of  a 
Zn, Mgj Se,  _,S,  cpilaycr.  The  average  compo¬ 
sition  of  this  epilayer  is  x  =  0.218  and  y  =  0.075. 
The  narrow  bright  band  seen  along  the  interface 
with  the  GaAs  substrate  is  a  thin  ZnSe  layer. 
Both  images  show  many  stacking  faults  originat¬ 
ing  at  the  interface  region.  They  are  believed  to 
be  caused  by  the  lattice  mismatch  between  the 
epilayer  and  the  GaAs  substrate.  Ternary  and 
quaternary  layers  in  laser  structures  whose  com¬ 
positions  were  selected  to  give  rise  to  close  lattice 
matching  to  GaAs,  however,  were  found  to  be 
nearly  free  from  these  defects  [3],  In  the  image  of 
the  [01 1]  cross-section,  a  periodic  array  of  bright 
and  dark  bands  parallel  to  the  growth  direction 
are  seen  from  the  bottom  to  the  top  of  the 
quaternary  epilayer.  The  period  of  this  modula¬ 
tion  is  about  450  A.  In  the  image  of  the  [Oil] 
cross-section,  on  the  other  hand,  no  such  periodic 
modulation  is  observed,  suggesting  that  the  mod¬ 
ulation  is  one-dimensional  and  parallel  to  the 
[Oil]  direction.  Fig.  2  is  a  020  dark  field  image  of 
a  plan-view'  of  the  same  quaternary  epilayer.  A 
highly  regular  periodic  array  of  bright  and  dark 
bands  is  seen  in  the  image.  Directions  of  bands 
arc  nearly  parallel  to  the  [011]  axis.  Widths  of 
bright  and  dark  bands  are  not  equal  to  each 
other:  the  former  is  about  HO  A  and  the  latter  370 
A.  Dark  segments  in  the  image  are  due  to  defects 
in  the  epilayer. 

Fig.  3  is  a  bright  field  image  of  a  [OlT]  cross- 


t  if!  !.  -DU  iliirk  riclil  images  of  (a)  a  [Dll]  cross-scclion  and  (b)  a  |llll)  cross-section  of  a  Zn,  ,  Mg,SC|  ,S,  (v  =  II.2IS  and 
V  0.07.'')  cpihtycr. 
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Fig.  2.  0211  dark  field  image  of  a  plan-view  sample  of  a 
Zn,  ,Mg^Se|  (.v  =  0.218  and  y  =  0.075)  epilayer. 


section  of  a  laser  structure  containing  ZnSe|_,S, 
(.V  =  ().()7)  layers.  In  the  image,  a  periodic  array  of 
bright  and  dark  bands  due  to  phase  separation  is 
seen  in  the  tower  portion  of  the  ZnSe|_,S,  layer 
where  Cl  was  doped  as  donors.  In  the  upper 
portion  of  the  ZnSe|_,S,  layer  where  N  was 
doped  as  acceptors,  the  contrast  modulation  due 
to  phase  separation  is  also  seen,  but  its  contrast  is 
much  weaker  than  that  in  the  lower  portion.  The 
same  trend,  i.c.,  clearer  images  of  phase  .separa¬ 
tion  in  n-type  layers  than  in  p-type  layers,  was 
observed  in  all  laser  structures  in  which  phase 
separation  was  found.  The  image  of  the  phase 
separation  was  observed  far  more  clearly  in  the 
quaternary  layers  with  the  sulfur  concentrations 
greater  than  .v  =  0.2  than  in  other  layers,  so  that 
detailed  analyses  of  phase  separation  were  car¬ 
ried  out  by  using  the.se  quaternary  layers.  The 
X-ray  microanalysis  of  compositions  in  bright  and 
dark  bands  was  carried  out  on  the  plan-view 
sample  shown  in  Fig.  2  by  using  a  JEM  2(KK)  FX 
analytical  microscope.  Concentrations  of  Se  and 
S  in  each  band  were  directly  estimated  by  using 
the  intensity  ratio  of  the  Kn  radiation  of  Se  and 
the  K  radiation  of  S.  following  the  proportional 
relationship  between  the  characteri.stic  X-ray  in¬ 
tensity  and  the  concentration  for  thin  specimens 
[H).  The  average  compositions  of  the  cpilaycr  was 
also  used  for  the  estimation.  By  this  analysis,  the 
sulfur  concentrations  in  the  bright  and  dark  bands 
were  found  to  be  x  =  0.1.^  and  x  =0.2.1,  rcspcc- 
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lively.  The  change  of  the  Mg  concentration  and, 
hence,  the  change  of  the  Zn  concentration,  was 
not  detected  because  of  the  inability  to  observe 
an  X-ray  peak  of  Mg.  The  intensity  of  the  X-ray 
radiation  of  Zn  relative  to  those  of  Se  and  S  did 
not  exhibit  any  systematic  change  between  the 
two  bands. 

Figs.  4a,  4b  and  4c  arc  dark  field  images  taken 
from  the  same  area  of  a  [OlT]  cross-sectional 
.sample  of  the  quaternary  epilayer  by  using  2(M), 
400  and  022  rctlections.  respectively.  The  change 
of  the  contrast  of  the  periodic  modulation  is 


Fig.  .r.  Bright  field  Image  of  a  lUM)  cross-section  of  a  laser 
structure  containing  ZnSe,  ,S,  1 1  =  (1.(17)  layers 
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consistent  with  the  result  of  the  X-ray  microanal¬ 
ysis.  The  200  dark  field  image,  which  is  the  most 
sensitive  to  the  change  of  the  composition  within 
one  sublattice  of  the  zinc-blende  type  structure, 
exhibits  the  clearest  image  of  the  modulation. 
The  022  image  also  exhibits  clear  contrasts  of  the 
modulation,  which  is  explained  by  the  change  of 
the  spacing  of  (022)  lattice  planes  due  to  the 
change  of  the  sulfur  concentration.  The  4(K)  im¬ 
age,  on  the  other  hand,  does  not  show  any  signifi¬ 


cant  contrast  of  the  modulation.  The  absence  of 
the  contrast  in  this  image  is  attributed  to  the  fact 
that  the  spacing  of  (/lOO)  type  lattice  planes  is  not 
affected  by  this  phase  separation  and  the  crystal 
structure  of  the  400  reflection  is  not  sensitive  to 
the  composition  change  within  one  sublattice. 

The  results  described  above  clearly  indicate 
that  phase  separation  can  occur  in  ZnSe|_,S, 
and  Zn,  ..Mg^Se,  ,S,  epilayers  grown  by  MBE 
The  X-ray  microanalysis  has  shown  that  the  phast 


Pig.  4,  Dark  field  images  of  a  (01 1]  eross-seetion  of  a  Zn,  ,Mg,SC|  ,S,  (.v  =  0.21t(  and  v  =  0,075)  epilayer.  Reflections  used  are 
(a)  2(K),  (b)  4(K)  and  (c)  022. 
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Fig.  5.  Bright  field  image  of  a  free  surface  region  of  a  (Oil) 
cross-sectional  sample  of  a  ZR]  jMg^Se,  ,S,  (.v  =  0.21Hand 
y  =  0.075)  epilaycr. 


separation  is  described  as  the  formation  of  S-rich 
and  S-deficient  bands.  To  date,  there  has  been 
only  one  report  on  an  experimental  study  of  the 
phase  stability  of  the  ZnSe,  .,S,  system,  which 
suggests  that  this  alloy  system  is  completely  misci¬ 
ble  at  90()°C  [9],  It  is  al.so  interesting  to  note  that, 
according  to  the  delta  lattice  parameter  (DLP) 
model  [10],  the  ZnSe,  .,S,  system  is  expected  to 
be  completely  miscible  at  the  temperature  used 
in  the  MBE  growth  of  the  ternary  and  quaternary 
layers.  The  present  results,  however,  suggest 
strong  possibility  that  these  ternary  and  quater¬ 
nary  systems  tend  to  become  immiscible  at  the 
MBE  growth  temperature  as  the  sulfur  concen¬ 
tration  incrca.ses. 

There  are  some  unusual  features  of  phase 
separation  in  these  alloy  layers.  Compared  to 
compositional  modulatitms  resulting  from  phase 
separations  in  III-V  alloy  cpilayers.  the  modula¬ 
tion  in  the  present  case  is  highly  regular  and  its 
period  is  extremely  large.  Periods  of  composi¬ 
tional  modulations  in  III-V  alloy  layers  grown  by 
MBE  are  typically  several  tens  of  Sngstrdms, 
which  arc  expected  from  surface  diffu.sion  lengths 
during  the  MBE  growth  of  IIl-V  alloy  layers  [I  Ij. 
The  very  large  periods  of  the  modulation  in  the 
present  case  cannot  be  explained  by  surface  dif¬ 
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fusion  of  atoms  if  one  considers  the  growth  tem¬ 
perature  of  the.se  Il-Vl  alloy  layers.  There  is  one 
observation  which  suggests  a  possible  mechanism 
for  the  formation  of  the  compositional  modula¬ 
tion.  TEM  images  of  [OlT]  cross-sectional  samples 
of  quaternary  cpilayers  having  phase  separation 
show  wavy  surface  structures  of  the  cpilayers.  Fig. 
5  is  a  bright  field  image  showing  such  a  wavy 
surface  structure.  As  .seen  in  Fig.  5.  the  period  of 
the  wavy  surface  structure  exactly  matches  that  of 
the  compositional  modulation.  At  each  hill  of  the 
surface  a  sulfur-deficient  band  ends,  and  each 
valley  of  the  surface  matches  a  sulfur-rich  band. 
Based  on  this  observation,  the  following  mecha¬ 
nism  is  suggested.  Sulfur  is  a  highly  volatile  species 
and,  hence,  is  likely  to  attach  only  to  step  and 
kink  sites  during  the  MBE  growth.  The  wavy 
surface  structure,  on  the  other  hand,  results  in  a 
periodic  variation  of  the  step  density;  the  step 
density  decreases  at  the  hill  and  increases  at  the 
valley  region.  The  wavy  surface  structure,  there¬ 
fore.  may  result  in  nonuniform  incorporation  of 
sulfur  atoms  and.  hence,  lead  to  the  composi¬ 
tional  modulation.  It  is  unclear  at  present  how 
such  wavy  surface  structures  have  formed  only  in 
certain  cpilayers.  Further  studies  are  needed  to 
clarify  the  origin  of  phase  separation  in  the.se 
II-VI  alloy  layers. 

This  work  has  been  supported  by  ARPA/ONR 
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Abstract 

Wc  report  the  first  in-situ  monitoring  by  spectroscopic  ellipsometry  (SE)  of  the  heteroepitaxial  growth  of  ZnSe  on 
GaAs  by  molecular  beam  epitaxy.  In  a  series  of  experiments  wherein  ZnSe  was  grown  on  GaAs  substrates  or 
epilayers  having  various  reeonstructed  GaAs  surfaees.  the  trajectories  of  C/'.  J)  and  dielectric  function  spectra  were 
measured  and  analyzed.  It  was  found  that  the  As-rich  e(4x4).  the  As-deficient  (6x4)  and  the  Ga-rich  (4x2) 
reeonstructed  GaAs  surfaces  resulted  in  tw(r-dimensional  (layer-by-layer),  pseudo-two-dimensional,  and  three-di¬ 
mensional  growth  of  ZnSe,  respectively,  and  it  was  also  found  that  the  dielectric  function  of  the  as-grown  ZnSe  is 
quite  different  from  that  of  the  air-exposed  ZnSe  cpilaycr. 


1.  Introduction 

In  the  development  of  1 1- VI  semiconductor 
devices  such  as  lasers,  light  emitting  diodes 
(LEDs),  and  di.splay  devices,  the  development  of 
high  quality  crystals  is  of  potential  importance. 
Many  efforts  have  been  made  to  achieve  high 
quality  crystals,  where  reflection  high-energy 
electron  diffraction  (RHEED)  has  proven  to  be 
useful  for  in-situ  monitoring  the  crystal  growth  by 
molecular  beam  epitaxy  (MBE).  Other  ways  of 
monitoring  the  crystal  growth  arc  optical  tech¬ 
niques  such  as  reflection  difference  spectroscopy 
(RDS)  [1],  surface  photo-absorption  (SPA)  [2], 
spectroscopic  ellipsometry  (SE)  [3]  and  so  on, 
which  have  been  applied  to  the  growth  of  III-V 
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materials  and  have  provided  kinds  of  information 
differen*  from  those  of  RHEED.  There  have 
been  few  reports  on  the  optical  monitoring  of  the 
crystal  growth  of  II- VI  compounds  [4,5],  In  this 
paper,  wc  report  for  the  first  time  the  results  of 
in-situ  monitoring  by  SE  of  the  growth  of  ZnSe 
on  GaAs  substrates  by  MBE.  exploring  the  capa¬ 
bilities  of  real-time  monitoring  of  crystal  growth 
by  SE. 


2.  Experimental  procedure 

Wc  used  a  Riber  model  32P  MBE  system 
which  has  two  growth  chambers  connected  each 
to  other  by  an  ultrahigh  vacuum  pipeline.  One 
growth  chamber  is  used  for  the  growth  of  GaAs 
epilayers  on  GaAs  substrates.  The  other  cham¬ 
ber.  which  has  two  special  window  ports  provided 


IK)22-()248/94/$()7.()()  (‘  1994  Elsevier  Science  B.V,  All  rights  reserved 
.SSOI  ()(l22-(l248(93)E0599-3 


374 


K.  Kutt)  i‘l  ai.  /  Journal  of  (  nstal  drouth  l.hS  I  IW4>  J7J~J7iS 


for  optical  access  to  the  sample  at  an  angle  of 
approximately  70°  for  the  in-situ  SE  measure¬ 
ments,  is  used  for  growth  of  II-VI  materials  and 
for  the  SE  measurements.  The  SE  measurements 
and  the  simulating  calculation*-  were  performed 
using  the  commercial  instruriient  (Jobin-Yvon 
phase  modulated  ellipsometer,  UVISEL)  and  its 
offered  software,  respectively.  The  measured  el- 
lipsometric  parameters,  'I'  and  J,  are  related  to 
the  equation, 

tan  'f'  e'-'  =  R^/R^. 

where  Rj,  and  R^  are  the  complex  reflection 
coefficients  for  light  parallel  and  perpendicular  to 
the  plane  of  incidence,  respectively.  Our  SE  sys¬ 
tem  was  confirmed  to  be  valid  by  the  experimen¬ 
tal  result  that  the  dielectric  function  spectrum  of 
the  as-grown  GaAs  epilayer  grown  on  GaAs  sub¬ 
strate  was  in  excellent  agreement  with  the  "pscu- 
dodielcctric  function"  of  GaAs  reported  by  Asp- 
nes  and  Studna  [6], 

We  used  CrO-doped  scmi-insulating  (100) 
GaAs  substrates,  which  were  degreased  with 
methanol,  acetone,  and  trichloroethane.  etched 
in  an  8:1:1  solution  of  H.SOj :  H  .O, :  H,0, 
rinsed  in  deionized  water,  and  mounted  on  a 
molybdenum  block  with  indium.  ZnSe  was  grown 
either  on  GaAs  substrates  or  on  GaAs  cpilayers 
having  various  reconstructed  GaAs  surfaces  at 
about  .^00°C  under  the  condition  of  approxi¬ 
mately  unity  II/VI  beam  equivalent  pressure  ra¬ 
tio.  For  the  case  of  the  growth  of  ZnSe  on  GaAs 
substrates  having  Ga-rich  (4  x  2)  and  As-defi- 
cient  (6  X  4)  reconstructed  surfaces,  the  GaAs 
substrates  were  heated  in  the  absence  of  As  flux 
in  the  FI-VI  chamber  to  above  60()°C  to  remove 
surface  native  oxides  of  GaAs  and  to  realize  the 
desired  reconstructed  GaAs  surfaces  with  moni¬ 
toring  the  RFIEED  pattern.  For  the  case  of  the 
growth  of  ZnSe  on  GaAs  epilayers.  the  as-grown 
GaAs  epilayers  having  As-rich  c(4  x  4)  recon¬ 
structed  surfaces  were  transferred  to  the  II-VI 
chamber  through  the  vacuum  pipeline  (  <  3x10 
Forr)  after  the  growth  of  the  GaAs  epilayer,  and 
then  heated  to  different  temperatures:  ^.310  or 
~  58()°C  for  realizing  a  (6  x  4)  or  a  (4  x  2)  recon¬ 
structed  surface,  respectively.  For  the  growth  of 


ZnSe  on  c(4  x  4)  reconstructed  GaAs,  the  as- 
transferred  GaAs  epilayer  samples  were  used. 

3.  Results  and  discussions 

J.  1.  Dielectric  function  spectrum  of  ZnSe 

Since  there  are  few  reports  on  the  dielectric 
function  of  ZnSe  [7,8],  we  measured  the  dielectric 
function  spectrum  or  refractive  indices  of  the 
as-grown  ZnSe  epilayer  (about  4.9  ;um  thick) 
grown  on  a  GaAs  epilayer.  without  removing  the 
sample  from  the  11-Vl  chamber  to  avoid  oxida¬ 
tion.  Also,  for  comparison,  the  same  SE  measure¬ 
ment  was  performed  with  the  same  sample  after 
the  sample  was  removed  from  the  ll-Vl  chamber 
and  exposed  to  air  for  about  one  hour.  The 
results  are  shown  in  Fig.  1,  compared  with  the 
data  of  ZnSe  bulk  crystal  reported  by  Adachi  and 
Taguchi  [7].  Although  our  measured  spectra  con¬ 
tain  the  interference  effects  below  about  2.7  eV. 
they  could  be  compared  with  the  data  obtained 
by  Adachi  and  Taguchi  in  the  higher  energy 


Fig.  1.  Dielectric  function  spectra  of  ZnSe.  e,  and  e,  repre¬ 
sent  the  real  and  imaginary  parts  of  the  dielectric  constants, 
respectively.  The  two  S4))id  lines  repre.senl  the  measured  spec¬ 
tra  the  as-grown  ZnSe  epilayer  at  r<H>m  temperature;  one  is 
measured  in-situ  without  removing  the  sample  from  the  cham¬ 
ber  and  the  other  is  measured  ex-situ  after  the  sample  was 
rem<ned  from  the  chamber  and  expo.sed  to  air.  The  dashed 
line  represents  the  data  reported  by  Adachi  and  Taguchi  |7]. 
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spectral  region  {>1.1  eV),  where  the  data  arc 
not  affected  by  the  interference  effect  because  of 
the  shorter  penetration  depth  of  light  than  the 
thickness  of  the  ZnSe  epilayer.  As  shown  in  Fig. 
1,  we  found  a  remarkable  difference  between  the 
data  for  the  as-grown  ZnSe  epilayer  and  the 
air-exposed  ZnSe  epilayer  sample,  and  the  latter 
is  in  excellent  agreement  with  the  data  reported 
by  Adachi  and  Taguchi.  These  results  strongly 
suggest  that  the  ZnSe  epilayer  might  be  oxidized 
instantaneously  when  the  .sample  is  removed  from 
the  chamber  and  exposed  to  air.  These  results 
might  be  consistent  with  their  experimental  con¬ 
ditions,  i.e.,  they  were  measured  with  the 
methanol-treated  (110)  ZnSe  bulk  crystal  cleaved 
from  the  ZnSe  ingot,  which  might  be  oxidized. 

Considering  that  our  result  of  the  dielectric 
function  of  the  as-grown  ZnSe  epilayer  reveals 
the  higher  values  of  the  real  part  of  the  dielectric 
constant,  the  clearer  peaks  corresponding  to  the 
several  critical  transitions  (E„.  fc',, -h  /:,  and 

+  J|)  shown  in  Fig.  1,  and  the  well  separation 
of  E|  and  E,  +  J|.  our  results  of  the  as-grown 
epilayer  would  be  the  intrinsic  values  of  ZnSe. 


3.2.  In-sitit  monilorinf;  by  .Sli  in  ZnSe  urim  tli  on 
GaAs 

In  a  scries  of  experiments,  wherein  ZnSe  was 
grown  on  GaAs  substrates  or  GaAs  epilayers 
having  As-rich  c(4  X  4),  As-deficient  (6x4).  and 
Ga-rich  (4  x  2)  reconstructed  GaAs  surfaces,  the 
real-time  trajectories  of  CE.  J)  were  measured  at 
2.73  eV  to  monitor  the  growth  of  ZnSe  on  GaAs. 

Fig.  2a  shows  the  typical  trajectory  of  (T.  ^) 
for  the  growth  of  ZnSe  on  an  As-rich  c(4  x  4) 
reconstructed  GaAs  epilayer.  In  Fig.  2b.  'I'  and  J 
at  the  early  stage  of  growth  are  also  plotted  as  a 
function  of  growth  time.  The  trajectory  shows  a 
standard  spiral  (or  oscillatory  behavior)  beginning 
and  ending  at  the  values  of  the  underlying  GaAs 
and  deposited  ZnSe.  respectively.  Assuming  two- 
dimensional  (layer-by-layer)  growth  of  ZnSe  and 
a  constant  growth  rate,  we  can  simulate  the  tra¬ 
jectory  with  using  the  three-phase  mtxlcl  [^)]  in¬ 
volving  the  substrate.  ZnSe  epihiycr.  and  ambi¬ 
ent.  As  shown  in  Fig.  2.  the  simulated  trajectory 
is  nicely  fitted  to  the  experimental  datti.  The 
growth  rate  determined  from  the  simulation.  2.62 


2.  (a).  Rcal-limc  Irajcclory  iif  ( V',  J)  lor  Ihc  growlh  of  Zn.Sc  on  an  As-rich  d4  s  4)  rcconsirticicd  (iaAs  epilayer.  The  solid  line 
represents  the  data  measured  at  an  interval  of  .S  s  for  about  4.S  rnin  growth  of  ZnSe.  The  dashed  line  represents  the  simulated  data 
with  a  growth  rate  of  2.62  A/s.  (b)  Real-time  trajeelory  of  (fr.  J)  plotted  as  a  function  of  time  for  the  growth  of  ZnSe  on  an 
As-rich  c(4  y  4)  reconstructed  (iaAs  epilayer.  The  symbols  -r  represent  the  data  measured  at  an  interval  rrf  5  s  and  the  solid  line 
represents  the  simulated  trajectory  with  a  growth  rale  of  2.62  A/s. 
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Time  tsec) 

Fig.  3.  Real-time  Irajectors’  of  J)  for  the  growth  of  ZnSe 
on  a  Ga-rich  (4x2)  reconstructed  GaAs  epilayer.  The  data 
were  taken  at  intervals  of  I  s. 


A/s.  agrees  very  well  with  the  growth  rate  deter¬ 
mined  by  the  film  thickness  measurement.  2.6 
A/s. 

Fig.  y  shows  the  trajectory  of  ('f'.  A)  for  the 
growth  of  ZnSc  on  a  Ga-rich  (4  x  2)  recon¬ 
structed  GaAs  epilayer.  As  shown  in  Fig.  3.  the 
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initial  increase  of  'I'  is  observed  at  the  initial 
stage  of  ZnSe  growth,  independent  of  whether 
growth  is  on  GaAs  epilayer  or  on  GaAs  substrate. 
This  is  in  contrast  to  the  initial  decrease  of 
which  is  observed  for  the  case  of  ZnSe  growth  on 
a  c{4  X  4)  reconstructed  GaAs  epilayer  and  is 
predicted  for  the  two-dimensional  growth  of  ZnSe 
on  GaAs  from  the  theoretical  simulation,  as  de¬ 
scribed  above. 

To  interpret  the  initial  increase  of  'f'  qualita¬ 
tively,  we  considered  a  crude  model  of  three-di¬ 
mensional  inhomogeneous  growth  and  applied 
the  effective  medium  approximation  (EMA)  [10] 
to  calculate  the  trajectory.  In  the  EMA.  the  mi¬ 
croscopically  rough  ZnSc  surface,  which  might  be 
caused  from  three-dimensional  inhomogeneous 
growth  in  the  early  stage  of  ZnSe  growth,  is 
treated  to  be  effectively  equivalent  to  a  homoge¬ 
neous  layer  containing  a  certain  amount  of  voids. 
Fig.  4b  shows  an  example  of  the  calculated  trajec¬ 
tories  with  the  EMA  for  the  growth  model  includ¬ 
ing  the  step-functional  decrease  of  the  rough¬ 
nesses  with  growth  as  shown  in  Fig.  4a.  showing 
that  the  initial  incrca.se  of  V'  is  ob.scrvcd  and  that 
the  magnitudes  of  the  increase  of  'T  become  less 
with  a  decrease  of  the  thickness  of  a  three-dimen- 
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Fig.  4.  (h)  CriKle  model  for  lhree-dimension;d  growth.  The  mmicl  assumes  that  the  microscopic  roughness  of  the  growth  surface 
decreases  slep-functionally  with  an  increase  of  the  thickness  of  the  growth  layer,  (b)  Calculated  trajectory  of  (V',  J)  for  the  model 
sh(jwn  in  (a). 
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Fig.  5.  Real-time  trajectory  of  J)  for  the  growth  of  ZnSe 
on  an  As-deficient  (6x4)  reconstructed  GaAs  epilayer.  The 
data  were  taken  at  intervals  of  I  s. 


sionally  grown  layer.  These  qualitative  results 
suggest  that  the  initial  inerease  of  'T  is  eharaetcr- 
istie  for  the  three-dimensional  growth.  From  these 
results,  it  can  be  concluded  that  three-dimen¬ 
sional  growth  occurs  on  Ga-rich  (4  x  2)  recon¬ 
structed  GaAs,  consistent  with  the  RHEED  ob¬ 
servations  in  the  initial  stage  of  growth  of  ZnSe 
reported  by  several  authors  [11]. 

Fig.  5  shows  the  trajectory  of  ('I'.  A)  for  the 
case  of  the  growth  of  ZnSe  on  an  As-deficient 
(6  X  4)  reconstructed  GaAs  epilayer.  The  initial 
increase  of  'f'  is  hard  to  be  seen.  However,  it  was 
found  that  the  fitting  of  the  simulated  trajecto¬ 
ries.  with  assuming  layer-by-layer  growth,  to  the 
experimental  data  is  not  as  good  as  that  obtained 
for  the  case  of  ZnSe  growth  on  a  e(4  x  4)  rccon- 
.structed  GaAs.  Similar  results  were  obtained  for 
the  ZnSe  growth  on  (6  x  4)  reconstructed  GaAs 
substrates.  These  results  indicate  that  three-di¬ 
mensional  growth  occurs  at  the  very  initial  stage 
of  ZnSe  growth,  consistent  with  the  RHEED 
observations  by  others  [12]. 

As  mentioned  above,  our  results  show  that  the 
initial  growth  modes  in  the  growth  of  ZnSe  on 
GaAs  arc  not  essentially  dependent  on  whether 
the  growth  occurs  on  the  substrates  or  on  the 
epilayer,  but  arc  strongly  dependent  on  the  sur¬ 
face  reconstructions  of  GaAs.  These  results  might 


be  caused  by  the  "stoichiometry-induced  electro¬ 
static  effects"  proposed  by  Farrell  et  al.  [Li], 

3.4.  Characterization  of  thin  ZnSe  epilayers  I’ronn 
on  GaAs 

In  order  to  elucidate  the  effects  of  the  initial 
growth  modes  on  the  quality  of  the  ZnSe  epi¬ 
layer,  thin  ZnSe  epilayers  grown  on  an  As-defi- 
cient  (6  X  4)  and  on  a  Ga-rich  (4  X  2)  rccon- 
•structed  GaAs  substrate  or  epilayer  were  charac¬ 
terized  by  the  measurements  of  the  X-ray  diffrac¬ 
tion  rocking  curve.  The  thicknesses  of  the  ZnSe 
epilayers  were  cho.sen  to  be  all  less  than  the 
critical  thickness  of  the  ZnSe  on  GaAs.  about  0.2 
pm  [14],  because  the  X-ray  diffraction  data  might 
be  affected  by  the  misfit  dislocations  caused  in 
the  crystal  of  above  the  critical  thickness.  Fig.  b 
shows  the  results  for  the  ZnSe  epilayers  grown  on 
GaAs  substrates.  Similar  results  were  obtained 
for  the  ZnSe  epilayers  grown  on  GaAs  epilayers. 
The  diffraction  peaks  of  ZnSe  in  both  samples 
are  located  at  about  800  arc  sec  apart  from  that 
of  GaAs.  indicating  that  the  ZnSe  epilayers  in 
both  samples  are  coherently  strained.  However,  it 
can  also  be  seen  that  the  ZnSe  epilayer  grown  on 
a  (6X4)  reconstructed  GaAs  shows  a  stronger 
and  narrower  X-ray  diffraction  pattern  (FWHM 
of  ~  100  arc  sec)  than  that  of  the  ZnSe  epilayer 
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Fig.  6.  X-ray  risking  curves  of  ihin  ZnSc  films  grown  on 
Cia-rich  (4  x  2).  aiul  on  As-deficicni  (6  x  4)  rcconsirucied  CiaAs 
sub  Iratcs.  The  Ihicknesscs  of  ihc  former  and  the  latter  ZnSe 
epilayer,  measured  by  SFM  ohservatu)!!,  are  144(1  and  S4()  A. 
respectively. 
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on  (4  X  2)  reconstructed  GaAs,  in  spite  of  the 
fact  that  the  thickness  of  the  former  ZnSe  epi- 
layer  is  less  than  that  of  the  latter  sample.  This 
clearly  suggests  that  the  quality  of  the  former 
ZnSe  epilayers  is  higher  than  that  of  the  latter 
sample,  corresponding  to  the  initial  growth  mode, 
i.e..  two-dimensional  growth  in  the  former  and 
three-dimensional  growth  in  the  latter,  respec¬ 
tively.  This  might  be  demonstrated  in  further 
investigations  by  TEM  or  in  other  ways. 


4,  Conclusions 

In  summary,  we  have  first  applied  SE  to  the 
in-situ  monitoring  of  the  ZnSe  growth  on  GaAs 
substrates  or  epilayers  having  various  recon¬ 
structed  CiaAs  surfaces.  From  these  investiga¬ 
tions.  it  was  confirmed  by  the  trajectories  off/', 
d)  that  the  initial  growth  mode  in  the  gri>wth  of 
ZnSe  on  GaAs  is  not  essentially  dependent  on 
whether  the  substrate  or  the  epilayer  is  used,  but 
is  strongly  dependent  on  the  reconstructed  sur¬ 
face  of  GaAs.  i.e..  the  GaAs  substrate  or  epilayer 
reconstructed  as  As-rich  (4  x  4).  As-deficient  (6 
X  4)  and  Ga-rich  (4  x  2)  leads  to  two-dimen¬ 
sional.  pseudo-two-dimensional  and  three-dimen¬ 
sional  growth  of  ZnSe,  respectively.  We  also  found 
that  the  spectrum  of  the  dielectric  function  or 
refractive  indices  of  the  as-grown  ZnSe  epilayer 
is  quite  different  from  that  of  the  air-exposed 
ZnSe  epilayer.  suggesting  the  fast  oxidation  of 


ZnSe.  In  addition,  we  showed  that  the  SE  is 
useful  for  the  determination  of  the  growth  rates 
and  thicknesses. 
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Abstract 

The  incorporation  processes  and  etficiencies  of  nitrogen  doping  for  p-type  conductivity  in  metalorganic  vtipour 
phase  epitaxy  (MOVPE)  grown  ZnSe/GaAs  epilayers  are  investigated  by  means  of  time-integrated  and  time-re¬ 
solved  photoluminescence  (PL)  spectroscopy.  Two  nitrogen-doping  methods  are  compared,  plasma-enhaiieed  doping 
during  growth,  and  ion  implantation  of  nitrogen  with  annealing  after  growth.  Both  types  of  doped  layers  exhibit  the 
I  ^  transition  from  i  neutral  acceptor  bound  excitr)n  complex  (A"s.  X).  indicating  an  effective  nitrogen  embedding  on 
selenium  sites.  With  increasing  nitrogen  doping  rates,  a  deeper  hound  exeiton  line  appears,  lowering  the  intensity 
of  the  1 1'.  An  observed  reduction  of  the  Ij'  and  l‘  lifetimes  for  higher  nitrogen  doping  eoneentratii>ns  results  from 
an  enhanced  overlap  of  the  bound  exeiton  wave  functions  with  those  of  other  impurity  centres. 


1.  Introductioa 

The  fabrication  of  p-conductivc  MOVPE  ZnSc 
layers  with  high  reproducibility  would  open  up 
the  exciting  prospect  of  a  variety  of  interesting 
applications.  Low-resistive  p-type  material  with 
high  concentrations  of  free  carriers  has  to  date 
only  been  obtained  in  nitrogen-doped  ZnSe  grown 
by  molecular  beam  epitaxy  (MBE).  Nitrogen  con¬ 
centrations  of  up  to  1  X  It)'''  cm  '  and  free  hole 
concentrations  of  up  to  7.7  XlO'^  cm  '  have 
been  reported  (!].  The  low-temperature  photolu- 
minescence  spectra  of  such  layers  are  dominated 


*  (  (irri'sponding  aiilhor. 


by  donor-aeccpior  pair  (DAP)  recombination 
with  photon  energies  between  and  2.M5 

eV.  depending  on  the  growth  conditions  [2]  and 
the  nitrogen  concentration  [1].  In  contrast,  mate¬ 
rial  grown  by  MOVPE  suffers  from  a  low  aetiva- 
lion  of  the  incorporated  nitrogen  resulting  in 
highly  resistive  layers  as  yet.  The  low  activation  of 
the  incorporated  nitrogen  is  due  to  self-eom- 
pensation  mechanisms  which  are  controversially 
discu.ssed  in  the  literature  [2-4].  In  the  present 
work  we  investigate  the  time-integrated  and.  for 
the  first  time,  time-resolved  photolumine-eenee 
of  nitrogen-doped  MOVPE  ZnSe  layers  in  the 
energy  region  of  excitons  and  DAP  recombina¬ 
tion,  yielding  information  on  defects  created  dur¬ 
ing  growth  and  doping,  their  intei actions,  and  the 
efficiency  of  p-doping. 
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2.  Experimental  procedure 

I'wo  different  doping  procedures  are  com¬ 
pared.  varying  systematically  the  doping  and 
preparation  parameters  in  order  to  obtain  high 
nitrogen  concentrations  and  to  control  the  incor¬ 
poration  process.  Samples  were  grown  on  (KID) 
GaAs  substrates  at  temperatures  between  3.S0 
and  550°C  by  plasma-enhanced  low-pressure 
MOVPE  using  DIPSe  (dii.sopropylselenidc), 
DASe  (diallyseicnide)  or  DESe  (diethylselenide), 
and  DEZn  (diethylzinc)  as  precursors.  In-situ  ni¬ 
trogen  doping  is  performed  with  a  DC  nitrogen 
plasma.  Ex-situ  nitrogen  doping  is  carried  out  by 
ion  implantation  of  nitrogen  (dose  1.5  x  Id" 
cm  ^  energy  40-240  keV)  and  subsequent  an¬ 
nealing.  SIMS  measurements  yield  nitrogen  con¬ 
centrations  around  5  x  lO'^  cm 

For  the  pluUoIuminescence  spectra,  the  ZnSe 
layers  are  e.xcited  above  the  band  gap  by  the  .364 
nm  line  of  an  Ar-ion  laser  (Spectra).  Time-re- 
solved  measurements  are  performed  with  a  dye 
laser  synchronously  pumped  by  an  actively 
mode-loeked  Nd:YAG  laser  (Coherent)  with  a 
frequency-tripling  BBO  crystal.  The  PL  signal  is 
analysed  using  the  time  correlated  single¬ 
photon-counting  technique  and  a  micro-channcl- 
plate  photomultiplier  tube.  The  transients  are 
fitted  by  cor.olution  of  the  apparatus  response 
with  two  exponential  functions,  one  lor  the  lumi¬ 
nescence  rise  (r, ).  and  one  for  the  luminescence 
decay  ( r,, ). 


3.  Experimental  result.s 

In  Fig.  1.  time-integrated  PL  spectra  of  dilfcr- 
ently  nitrogen  doped  ZnSe  epilayers  in  the  en¬ 
ergy  range  between  2.50  and  2.X2  eV  are  cxmi- 
pared  with  that  of  a  DESe  as-grown  sample  (a). 
Spectrum  (b)  in  fig.  I  represents  the  emission 
behaviour  of  a  DESe  sample  doped  ex  situ  by 
ion-implantation  with  energies  of  120  keV  and 
subsequently  annealed  at  S50°C  for  .3(1  s.  In  addi¬ 
tion  to  the  structures  observed  in  the  as-grown 
sample,  a  weak  acceptor-bound  cxciton  emission 
1^  at  2. 7^)0  eV  (on  the  low  energy  shoulder  of  the 
1.)  and  a  dominant  1‘  line  arc  observed.  Similar 


Fig,  I.  l.uminoscencc  spetira  at  l.h  K  ol  dit'l'crcnlly  nitrogyn- 
(lopcd  ZnSc  epilayers  eompareil  ici  an  as-grimn  sample. 


spectra  are  obtained  from  plasma-N-doped  ZnSe 
using  DESe  (c)  or  DIPSe  (d)  as  precursors.  The 
existence  of  the  1 (recombination  of  the  (A'l^.  X) 
complex)  unambiguously  evidences  the  incorpora¬ 
tion  of  nitrogen  on  selenium  sites  in  N-doped 
MOVPE-grown  ZnSe  layers.  This  is  further  con¬ 
firmed  by  the  energy  position  of  the  donor- 
acceptor  pair  recombination,  yielding  an  ioniza¬ 
tion  energy  of  the  nitrogen  acceptor  of  110  meV. 
Nevertheless,  the  dominating  1^  line  grows  with 
increasing  nitrogen  doping  rate  and  indicates 
compensating  defects.  The  origin  ol  the  1^  is 
debated  in  terms  of  a  deeply  bound  exciton  or  a 
defect  related  centre  to  date  [5).  We  observe  this 
transition  in  nitrvygen-doped  but  not  in  undoped 
MOVPE  samples,  as  the  comparison  of  the  .spec¬ 
trum  in  Fig.  la  with  those  in  Figs.  lb.  Ic  or  Id 
clearly  reveals. 

Around  2.76  eV  a  doublet  of  sharp  zero-pho¬ 
non  lines  (ZPLs)  1,'‘'  with  strong  longitudinal 
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optical  (LO)  phonon  coupling  appears  in  the 
spectra  of  Figs,  la,  lb  and  Id.  The  whole  lumi¬ 
nescence  band  is  marked  by  S,.  In  the  as-grown 
sample  (a)  compared  to  (b)  and  (d),  no  DAP 
luminescence  is  to  be  seen.  Using  high  purity 
precursors,  the  S,  can  be  diminished  as  is  obvious 
from  spectrum  (c)  of  the  DESe-grown  sample.  In 
Te-doped  ZnSe  epilayers,  Dhese  et  al.  [6]  ob¬ 
served  an  S|  band  in  the  same  spectral  region, 
which  is  assigned  to  recombinations  of  excitons 
bound  at  Te  doublets  on  nearest  neighbour  anion 
sites.  The  periodic  structure  on  the  high-energy 
shoulder  reflects  the  LO  phonon  energy  in  ZnSe 
(.11.5  meV).  The  large  FWHM  is  attributed  to  the 
large  degree  of  electron-phonon  coupling  (insert 
of  fig.  2).  This  is  in  agreement  with  the  fact  that 
the  DlPSe,  DEZn  and  DESe  precursors  are  con¬ 
taminated  with  Tc.  As,  Zn,  Sn  and  B  [7],  The 
transients  of  this  emission  are  found  to  be  inde¬ 
pendent  of  the  photon  energy,  giving  a  two-ex¬ 
ponential  decay  with  time  constants  of  11.1  and 
55.1  ns  for  the  1^*^^  doublet  as  well  as  for  the  s, 
band  (Fig.  2).  A  similar  dynamical  behaviour  is 
known  from  the  Cu-blue  luminescence  band  in 
ZnS  [8],  which  is  attributed  to  a  deeply  Cu-bound 
exciton  with  two  excited  states. 


t-ig.  2.  Transients  of  the  luminescence  band  S,  of  MOVPFi 
grown  ZnSe  using  DESe  as  Se  precursor  and  a  growth  tem¬ 
perature  of  4K()°C'.  The  lower  transient  is  obtained  by  sub¬ 
tracting  the  long  lived  background  from  the  DAP  lumines¬ 
cence.  clearly  revealing  a  double  exponential  decay  of  S,.  The 
inset  shows  the  pertaining  luminescence  spectrum. 


Fig.  .V  Transients  of  different  exciton  emissions  in  MOVPE- 
grown  and  plasma-doped  (a)  or  N-implanled  (c)  ZnSe  .samples 
compared  to  those  of  a  DASe  as-grown  (b)  sample. 


Fig.  3b  shows  the  transients  of  the  free  and 
bound  excitons  of  the  DASe  as-grown  sample 
compared  to  those  of  in-situ  doped  (Fig.  3a)  and 
N-implanted  (Fig.  3c)  samples  after  interband 
excitation. 

In  the  excitonic  energy  region,  a  typical  as- 
grown  spectrum  exhibits  the  .strain-split  free  exci¬ 
ton  emi.ssions  X|h  and  X^h  and  the  donor-bound 
exciton  lines  1,  and  1 2  (see  the  luminescence 
spectrum  inset  (b)  in  Fig.  3). 

All  rise  (t,)  and  decay  (tj)  times  are  in  the  ps 
region  (see  Table  1).  The  decay  times  are  found 
to  increase  with  growing  binding  energy  of  the 
bound  exciton  complex.  With  increasing  nitrogen 
concentration  the  decay  times  decrea.se.  indicat¬ 
ing  the  opening  of  competing  nonradiative  re- 


382 


A.  Hoffmann  el  al.  /  Journal  of  Crystal  Growth  I3S  (IW4)  379-3H4 


Table  1 

Rise  T,  and  decay  tj  times  (in  ps)  of  free  and  different  bound  excitons  in  various  ZnSe  samples  “ 


MOVPE 

N-plasma 

N'implanted 

MBE 

112) 

Bulk 

[111 

Tr 

'd 

*  r 

‘  r 

’’d 

'  r 

"d 

Xsh 

- 

,35 

20 

100 

20 

45 

- 

55 

80 

1.50 

.X 

- 

30 

j  hh 

20 

50 

110 

140 

I','’ 

20 

80 

- 

.80 

1.50 

200 

1, 

20 

40 

il' 

50 

280 

50 

350 

1, 

120 

3(X) 

20 

90 

5 

90 

i; 

20 

9(KI 

20 

260 

,dccp 

UXl 

1020 

■'  X|,  free  excitons:  Ii.  donor  hound  excitons;  I',,  acceptor  bound  excitons:  Ih  and  hh.  strain  split  components. 


combination  channels.  However,  this  effect  is  also 
observed  for  different  growth  conditions  giving 
rise  to  different  defect  backgrounds.  Detailed 
investigations  show  that  ion  implantation  ener¬ 
gies  in  the  range  of  40  keV  lead  to  a  dominant  1^ 
line,  whereas  higher  implantation  energies  favour 
the  1|  emission.  From  the  transients  recorded 
after  interband  excitation  (Fig.  3),  it  is  obvious 
that  there  is  a  drastic  reduction  of  the  if^  and 
lifetimes,  while  the  lifetimes  of  the  free  excitons 
and  the  donor  bound  excitons  remain  nearly  un¬ 
changed  in  comparison  with  the  corresponding 
transitions  in  plasma  doped  samples  (see  Table 
1).  This  behaviour  becomes  more  pronounced 
with  increasing  implantation  energy,  indicating 
that  defects  created  during  the  ion  implantation 
process  are  responsible.  The  lifetime  of  the 
line  of  900  ps  in  plasma-doped  ZnSe  epilayers 
using  DASe  or  DESe  precursors  corresponds  well 
to  that  of  the  line  in  bulk  material  having  a 
similar  binding  energy  [9]. 

In  Fig.  4  time-resolved  investigations  of  the 
donor-acceptor  pair  (DAP)  luminescence  are 
presented.  The  inset  of  Fig.  4  shows  the  emission 
spectrum  of  a  DIPSe  plasma-doped  ZnSe  epi- 
layer  grown  at  380°C  compared  with  that  of  a 


Fig.  4.  Transients  of  the  DAP  luminescence  in  plasma-doped 
ZnSe  epilayers  grown  with  a  DIPSe  precursor  at  380°C. 
Sample  1  has  not  been  annealed,  whereas  sample  2  has  been 
annealed  for  8  s  at  770°C.  The  inset  shows  the  related  DAP 
luminescence. 
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sample  which  was  subsequently  annealed  for  8  s 
at  770°C.  It  is  evident  here  that  annealing  leads 
to  an  increase  of  the  DAP  luminescence  in  com¬ 
parison  with  the  exciton  emissions  and  S,  band. 
The  decay  of  the  DAP  recombination  yields  in¬ 
formation  on  doping  concentration  and  on  com¬ 
pensation  mechanisms.  Using  the  statistical  model 
of  Thomas  and  Hopfield  [10],  we  determined  an 
acceptor  concentration  of  9.6  X  10*^  cm"'  with¬ 
out  and  of  7.2  X  10''  cm"’  after  annealing.  This 
indicates  that  this  annealing  temperature  has  a 
weak  influence  on  the  incorporation  of  shallow 
impurities  in  MOVPE-grown  ZnSe  epilayers. 
However,  the  decrease  of  which  is  a  mea¬ 

sure  of  the  transition  probability,  demonstrates 
that  the  deep  defect  concentration  is  strongly 
reduced. 


4.  Discussion 

It  is  important  to  point  out  that  both  plasma 
doping  and  ion  implantation  lead  to  an  efficient 
nitrogen  doping  of  MOVPE-grown  ZnSc  layers. 
The  occurrence  of  the  ij^  line,  corresponding  to 
the  radiative  recombination  of  an  (A"n,  X)  com¬ 
plex.  as  well  as  the  donor-acceptor  pair  recombi¬ 
nation  energy,  indicate  an  incorporation  of  nitro¬ 
gen  atoms  on  selenium  sites.  These  centres  act  as 
neutral  acceptors  and  are  required  for  p-type 
ZnSe.  Nevertheless,  all  investigated  nitrogen- 
doped  MOVPE  layers  are  highly  resistive,  indi¬ 
cating  the  simultaneous  generation  of  compensat¬ 
ing  deep  donors  during  the  doping  process.  The 
dependence  of  the  bound  exciton  lifetimes  on  the 
implantation  energy  confirms  this  interpretation. 

A  prominent  feature  of  our  nitrogen  doped 
ZnSe  epilayers  is  the  l‘  line,  which  is  not  present 
in  undoped  samples.  A  strong  increase  of  the  if 
intensity  by  two  orders  of  magnitude  takes  place 
with  increasing  nitrogen  doping  rates,  indicating 
a  correlation  between  the  If  and  nitrogen.  How¬ 
ever,  we  observe  the  same  transition  in  undoped 
hot-wall  epitaxy  (HWE)  grown  ZnSe  epilayers 
and  bulk  ZnSe  crystals  [11],  too,  but  not  in  ultra- 
pure  MBE  samples  [12J.  Since  the  intensity  of  the 
I^  line  depends  more  critically  on  growth  param¬ 
eters  than  on  the  various  dopants,  we  assign  this 


line  to  a  point-defect-related  centre.  Detailed 
investigations  of  undoped  ZnSe  samples  clearly 
correlate  the  l’  intensity  with  an  increasing 
Se/Zn  ratio,  supporting  an  interpretation  as  ra¬ 
diative  recombination  of  an  (A",  X)  complex 
formed  at  a  deep  acceptor  based  on  a  zinc  va¬ 
cancy.  Thus,  the  dominating  I^  line  in  nitrogen- 
doped  MOVPE  samples  indicates  the  creation  of 
zinc  vacancies  during  nitrogen  incorporation  even 
in  the  case  of  in-situ  plasma  doping.  Undoped 
MOVPE  samples  show  no  l‘  line  (Fig.  la)  indi¬ 
cating  a  sufficient  quality  of  these  layers.  Never¬ 
theless,  the  generation  of  deep  acceptors  does 
not  prevent  p-conductivity,  which  may  be  due  to 
deep  donors  formed,  e.g.,  by  Te  incorporation 
during  growth  using  DEZn  or  DlPSe  as  precurs- 
ers.  Further  progress  in  p-conductivity  of 
MOVPE-grown  ZnSe  epilayers  requires  undoubt¬ 
edly  the  reduction  of  the  number  of  If  related 
centres  by  the  optimization  of  doping  parameters 
and  purified  precursers.  A  further  point  is  to 
diminish  the  growth  temperature  to  30()°C.  which 
is  usual  for  MBE  samples. 

The  lifetimes  of  the  free  and  bound  exciton 
complexes  are  sensitive  to  the  defect  concentra¬ 
tion  and  thus  give  information  on  the  defect 
concentration  in  the  investigated  layers.  The  for¬ 
mation  of  bound  exciton  complexes  at  shallow 
donors  and  acceptors  is  a  major  recombination 
channel  for  free  excitons  [9],  limiting  the  free 
exciton  lifetimes  in  doped  crystals.  For  bound 
exciton  complexes,  both  the  screening  of  the  elec¬ 
trostatic  interaction  at  high  doping  concentra¬ 
tions  [13]  and  the  introduction  of  competing  non- 
radiative  recombination  channels  by  energy  trans¬ 
fer  processes  in  the  presence  of  deep  centres  lead 
to  a  reduction  of  their  lifetimes.  The  longest 
excitonic  lifetimes  in  ZnSe  have  been  observed  in 
ultra-pure  MBE  samples  to  date  (see  Table  1). 
Even  in  high  purity  bulk  material,  the  free  as  well 
as  the  donor  bound  exciton  lifetimes  are  strongly 
reduced,  whereas  the  acceptor  bound  exciton  life¬ 
times  can  be  explained  by  the  entirely  radiative 
decay  of  the  undisturbed  complexes  [11]  with  the 
model  of  Rashba  and  Gurgenishvili  [14].  The 
comparatively  short  excitonic  lifetimes  observed 
for  nitrogen-doped  MOVPE  samples  result  from 
a  large  concentration  of  disturbing  defects.  This 
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effect  is  especially  pronounced  for  the  and  the 
1[  complexes  in  nitrogen-implanted  samples,  in¬ 
dicating  a  large  number  of  deep  defects.  The 
excitonic  lifetimes  become  even  shorter  using 
higher  implantation  energies.  Thus,  it  seems  to 
be  reasonable  that  zinc  vacancies  created  during 
the  implantation  process  form  deep  acceptors 
and  are  responsible  for  the  large  concentration  of 
deep  defects. 
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Abstract 

The  electronic  structure  of  bound  excitons  involving  native-  as  well  as  point-defects  is  investigated  by  optical 
spectroscopy  using  highly  crystalline  ZnSc  samples  grown  by  the  Markov  method.  We  demonstrate  that  the 
interactions  of  attendent  single  particles  is  responsible  for  the  .splitting  of  the  (D",  X)  and  (A",  X)  states.  From  these 
splittings  the  hole-hole  interaction  parameter  y  and  the  cubic  crystal-field  parameter  /3  for  the  Li  bound  cxciton 
complex  has  been  determined  unambiguously  for  the  first  time.  The  ff  emission  line  shows  a  fine  structure  which  is 
similar  to  the  l}  '  cxciton  line.  IJ*  is  therefore  a.s.signcd  to  an  acceptor-bound  cxciton  recombination  with  an  associate 
formed  by  a  zinc  vacancy  and  an  impurity  donor  combined  acting  as  an  acceptor. 


I.  Introduction 

The  increasing  interest  in  growing  high-quality 
ZnSe  samples  for  opto-electronic  device  applica¬ 
tions  in  the  blue  range  of  the  visible  spectrum 
raised  a  series  of  open  questions  about  the  re¬ 
sponsible  excitation  channels  [1]  and  the  nature 
and  behaviour  of  .shallow  impurities.  In  this  con¬ 
text,  a  major  problem  is  the  strong  self-com¬ 
pensation  mechanism,  avoiding  effective  p-type 
low-resistance  conductivity.  Up  to  now,  only  ni¬ 
trogen  seems  to  be  a  suitable  candidate. 

For  the  investigations  of  shallow  donor  and 
acceptor  bound  excitons  and  the  interaction  with 
point  defects,  we  u.sed  ZnSe  single  crystals  grown 
by  the  Markov  vapour  phase  transport  method  [2] 


*  Corre.sponding  dulhor. 


at  1190°C  with  a  thermal  gradient  of  KfC  to  the 
source  material.  Near-band-edge  photolumines¬ 
cence  measurements  at  different  temperatures,  as 
well  as  excitation  and  reflection  .spectro.scopy  lead 
to  detailed  information  on  the  electronic  struc¬ 
ture  of  the  exciton  complexes  involved. 

The  emission  spectrum  obtained  by  band-to- 
band  excitation,  recorded  in  the  exciton  energy 
range,  is  shown  in  Fig.  1.  Due  to  the  high  crys¬ 
tallinity  of  the  used  samples,  pronounced  donor- 
bound  exciton  lines  U  and  a  predominant  accep¬ 
tor-bound  exciton  recombination  l}^'  could  be 
resolved.  The  main  interest  is  focussed  on  the 
nature  of  the  if  line  (also  denoted  as  or 
by  other  authors)  which  up  to  now  is  controver- 
sally  discussed  in  terms  of  either  involved  native 
acceptors  or  point-defect  related  centres.  Due  to 
the  close  relation  of  if  to  zinc  vacancies  and  its 
appearance  in  doping  studies  of  ZnSe  epilayers. 
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the  understanding  of  its  origin  is  of  great  impor¬ 
tance.  From  the  LO  coupling  strength,  a  localiza¬ 
tion  of  the  corresponding  centre  between  that  of 
donor-acceptor  pairs  (O  series)  and  that  of  shal¬ 
low  bound  excitons  (I,  and  1,  lines)  must  be 
concluded  (see  Fig.  1).  Since  the  if  recombina¬ 
tion  centre  interacts  strongly  with  the  weaker 
bound  excitons,  the  precise  understanding  of  the 
electronic  structure  of  the  involved  shallow  bound 
excitons  is  indispensable.  Thus  the  shallow 
(D",  X)  and  (A",  X)  complexes  will  be  considered 
in  more  detail  before  referring  to  the  nature  of 
the  If  line. 


2.  Donor  bound  exciton  complexes 

The  luminescence  of  (D",  X)  complexes  shown 
in  the  insert  of  Fig.  1  is  dominated  by  a  strong  I^[ 
line  near  2.7977  cV  exhibiting  additional  struc¬ 
tures  at  the  low  energy  side  due  to  Ga  and  In 
donors.  At  the  high  energy  side,  several  lines 
(rt  =  a  to  e)  and  a  resonance  at  the  free  cxciton 
transition  can  be  recognized.  The  exact  value  of 
the  free  exciton  transition  at  2.8028  cV  is  ob¬ 
tained  from  reflection  spectra.  The  I,„  lines  which 
have  already  been  reported  by  Merz  et  al.  [3], 
Dean  et  al.  [4]  and  Isshiki  et  al.  [5]  have  recently 
been  explained  by  Kudlek  et  al.  [6]  in  terms  of 
radiating  relaxation  from  excited  states  of  the 


energy  (eV) 

Hig.  I.  Photoluminescence  spectrum  of  a  nominally  undoped 
Zn.Se  bulk  crystal  in  the  near-band-edge  region  under  hand- 
to-hand  excitation.  Insert:  donor  hound  exciton  luminescence 
and  the  free  exciton  recombination  denoted  X. 


Fig.  2.  Comparative  photoluminescence  excitation  spectra  of 
(D".  .X)  complexes.  Arrows  indicate  registration  energies. 


(D".  X)  complexes.  The  I,„  lines  depicted  in  the 
insert  of  Fig.  1  are  found  to  consist  essentially  of 
two  superimposed  series,  one  of  which  is  con¬ 
nected  to  an  Al  donor  and  the  other  to  Ga. 

Narrow  band  registration  of  the  1^,,  line  due  to 
a  specific  donor  reveals  the  corresponding  transi¬ 
tions  in  the  excitation  spectra  (see  Fig.  2).  The 
observed  energy  differences  id,,,)  -  £(l  ,„)  can 
be  described  by  a  four-particle  model  regarding 
D*.  e,,  and  the  e,xciton  particles  e  and  h  [7]. 
According  to  this  model,  the  I,„  resonances  orig¬ 
inate  from  excited  states  of  the  exciton  hole  clas¬ 
sified  by  radial  and  angular  quantum  numbers  n 
and  /,  respectively.  The  energy  differences  of  the 
excited  states  E\n,  1)  given  in  ref.  [6]  and  the 
(D",  X)  ground  state  can  be  written 

fl/i,  /)  -£'|0.  0)  ~  -s'r~  — 

a 


a,. 


/I  -I-  V  -F  (/  -I-  ' +sr — ^ 


(1) 


with  the  specific  donor  Rydberg  £'p.  parameters 
s=  I.0I36  and  f  =  1.3370  describing  the  Kratzer 
model  potential  of  the  hole,  tr  =  m^/m^  the  ratio 
of  the  effective  masses  of  electron  and  hole,  and 
the  ratio  of  the  donor  electron  radius  and 
the  Bohr  radius,  respectively.  Using  donor  ener¬ 
gies  of  =  26  meV  and  =  27.7  meV  corre- 
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sponding  to  the  A1  and  Ga  donor  ionization  ener¬ 
gies,  the  series  £(1  -  £(1,,,)  of  both  donors 

matches  well  the  series  E\n,  /  )  —  £'  |0,  0)  com¬ 
puted  without  changing  the  other  free  parameters 
of  (7  =  0.26  and  =  0.36.  Lines  Ija  to  I^e  are 

thus  assigned  to  the  |/i,  /)  series  of  the  states 
10,  1),  !  1,  0),  1 1,  1),  |2,  0>  and  |2,  1),  respec¬ 
tively. 


3.  Acceptor  bound  exciton  complexes 

On  the  lower  energy  side  of  the  donor  bound 
excitons  a  dominant  emission  of  an  (A",  X)  com¬ 
plex  is  observed  in  samples  of  this  kind  (see  Fig. 
1).  With  the  energy  position  of  the  donor-accep¬ 
tor  pairs  Qfl,  and  the  Al-donor  Rydberg  of  26 
meV,  an  acceptor  ionization  energy  of  114  meV 
was  calculated.  This  value  corresponds  well  with 
the  reported  Li  Rydberg  energy  in  ZnSe.  In  addi¬ 
tion,  the  obtained  transition  energy  matches  the 
values  reported  from  Li-doped  samples  [8],  The 
appearance  of  Li  is  quite  reasonable  due  to  the 
well-known  incorporation  of  Li  and  Na  in  not 
intentionally  doped  ZnSe  crystals,  leading  to 
dominant  if-'  and  lines. 

While  the  term  structure  of  Na-bound  excitons 
is  known  [9],  the  structure  of  the  (A",  j,  X)  com¬ 
plex  is  not  yet  clear.  Bhargava  [10]  found  a  mani¬ 
fold  structure  in  the  l['  energy  regime.  Exact 
energy  positions,  however,  have  not  been  given. 
In  strained  MBE-grown  ZnSe/GaAs  epilayers  a 
double  structure  has  been  observed  [11].  Taking 
into  account  the  simultaneously  acting  influence 
of  strain  and  the  jj  interaction,  the  authors  dis¬ 
cussed  several  possible  parameter  values  for  the 
hole-hole  interaction  and  the  cubic  crystal  field. 
To  achieve  a  clear  assignment,  we  used  bulk 
ZnSe  samples  with  highly  resolved  I ,  lines.  In  this 
case  the  influence  of  strain  can  be  neglected. 

Fig.  3  shows  the  comparative  luminescence 
spectra  in  the  ij'  energy  range  for  two  different 
temperatures.  The  lower  spectrum  recorded  at 
£=  1.6  K  contains  three  highly  resolved  transi¬ 
tions  I|,  I|^  and  I|,,with  0.13  meV  FWFIM  each. 
I  la  is  shifted  by  0.22  meV  and  1 by  0.37  meV  to 
higher  energy  with  respect  to  line  I,.  The  inten¬ 
sity  ratio  of  the  lines  I,,  I,  ,  and  1,^  as  determined 


energy  (eV) 

Fig.  .t.  Temperature-dependent  emission  of  the  (A"  ,.  X)  exei- 
ion  complex,  showing  three  resolved  subcomponents  I,.  Ij, 
and  Ijj,.  The  related  term  structure  is  given  in  the  insert. 

from  a  Ltfrentz  profile  analysis  is  1 ;  0. 1  .*> ;  0. 1 1 .  At 
a  temperature  of  4.2  K.  a  strong  thermalization  is 
observed,  leading  to  a  changed  intensity  ratio  of 
roughly  1:0.93.0.82.  Due  to  the  strong  correla¬ 
tion  between  these  three  lines,  it  is  evident  that 
all  transitions  belong  to  the  same  (A'*,,.  X)  com¬ 
plex. 

An  explanation  of  I,.  1,,  and  1,|,  can  be  given 
in  terms  of  a  fine-structure  splitting  of  the  (A".  X) 
electronic  ground  state.  The  jj  coupling  of  the 
two  j  =  3/2  holes  in  this  eomplex,  one  originating 
from  the  neutral  acceptor  A"  and  the  other  from 
the  free  exciton.  yields  a  total  hole  momentum  of 
Jy,  =  0  and  Jt,  =  2  (see  insert  of  Fig.  3).  These  two 
states  are  separated  by  the  hole-hole  interaction 
y.  The  additional  coupling  of  the  single  electron 
leads  to  y  =  1/2,  3/2  and  5/2  states  with  T^,  £,( 
and  £7  +  symmetry,  respectively  [12].  The 
and  /  7  +  £„  degeneracy  is  lifted  by  the  cubic 
crystal-field  interaction  /3.  Both  the  relative 
strength  of  the  hole-hole  interaction  and  the 
influence  of  the  crystal  field  strongly  depend  on 
the  used  zincblende-structured  host  material,  the 
incorporated  chemical  acceptor  and  the  corre¬ 
sponding  Rydberg  energy  [13-15], 

The  observed  strong  thermalization  suggests  a 
level  sequence  of  increasing  degeneracy 
and  Ej  +  £„  with  increasing  energy  (see  insert  of 
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Fig.  3).  From  this  ordering,  P  and  y  can  be 
determined  according  to 

)3=£(l„)-£(I,J=().14meV,  (2) 

y  =  £(l,J-£(l,)  +  ^^  =  0.30meV.  (3) 

Taking  into  account  the  intensity  ratio  and  the 
separation  energies  at  T  =  4.2  K,  we  calculate  a 
oscillator  strength  ratio  of  1 ;  1 .8 ;  2.3  correspond¬ 
ing  reasonably  well  to  the  theoretical  ratio  of 
1:2:3. 

In  comparison  with  the  X)  complex  [9], 

we  observe  an  equal  term  sequence  of  the  Li  and 
Na  acceptor  exciton  complexes  in  ZnSe.  The  in¬ 
fluence  of  the  cubic  crystal-field  /3  in  both  kinds 
of  complexes  is  also  comparable.  Although  in  the 
Na-doped  samples  the  splitting  induced  by  ^ 
could  not  be  re.solved,  it  leads  to  a  I[  line  being 
four  times  broader  than  the  1,  line  originating 
from  the  lowest  state  The  jj  coupling  in  the 
(A'li,  X)  complex,  however,  is  found  to  be  much 
smaller. 


4,  The  If  emission  centre 

In  contrast  to  the  bound  excitons  described 
above,  the  nature  of  the  If  recombination  centre 
has  not  been  clarified  up  to  now,  due  to  reported 
different  energy  positions  and  various  chemical 
impurities  involved.  The  first  interpretations  in 
terms  of  an  acceptor-bound  exciton  with  copper 
acting  as  an  acceptor  are  not  in  agreement  with 
our  investigations  and  magneto-optical  results 
[16].  The  authors  observed  a  g  value  of  2  in 
accordance  with  a  zinc  vacancy  with  a  free  hole. 
The  close  correlation  of  the  If  centre  to  zinc 
vacancies  Vz„  has  been  demonstrated  by  differ¬ 
ently  annealed  ZnSe  samples.  In  samples  an¬ 
nealed  in  Zn  atmosphere,  a  suppression  of  the  if 
is  observed,  whereas  on  the  other  side  the  lumi¬ 
nescence  of  ZnSe  samples  annealed  in  Se  atmo¬ 
sphere  is  dominanted  by  the  strongly  increasing 
If  emission.  These  findings  are  supported  by 
studies  of  the  influence  of  the  Zn-to-Se  flux  ratio 
in  MBE-grown  ZnSe  epilayers  [17]  and  CVD- 
grown  polycry.stalline  ZnSe  on  the  optical  spectra 
[18].  Summarizing,  the  participation  of  in  the 


if  centre  without  any  connection  to  Cu  must  be 
concluded. 

Zinc  vacancies,  however,  are  known  to  act  as 
very  deep  and  strongly  localized  defects  with  a 
double  acceptor  behaviour.  The  appearance  as  a 
more  shallow  single  acceptor  in  the  near-band- 
edge  luminescence  could  be  explained  by  the 
formation  of  an  associate  including  a  neigh¬ 
boured  donor  leading  to  an  effective  neutral  ac¬ 
ceptor.  The  participation  of  the  donor  induces  a 
delocalization  which  can  be  clearly  observed  in 
the  phonon  coupling  (see  Fig.  1).  The  LO-phonon 
coupling  of  the  if  centre  is  significantly  more 
pronounced  than  for  the  spatially  localized  shal¬ 
low  bound  exciton  complexes  like  (A*li,  X),  but 
still  weaker  than  for  the  spatially  extended 
donor-acceptor  pairs.  This  intermediate  localiza¬ 
tion  can  be  expressed  in  terms  of  a  Huang- Rhys 
factor  which  is  calculated  to  be  0.2  for  If  com¬ 
pared  to  0.01  for  if'  and  0.5  for  Q,,. 

To  get  additional  information  on  the  elec¬ 
tronic  structure  of  the  If  complex,  we  performed 
excitation  spectroscopy  in  the  energy  range  of  the 
If  transition  recorded  in  the  if-LO  line  (see 


energy  (eV) 

Fig.  4.  Excitation  spectrum  of  the  if  line  in  the  excitonic 
energy  range.  To  resolve  the  if  fine  structure  the  excitation 
spectrum  recorded  in  the  if-LO  line  is  depicted  in  the  insert: 
the  bars  denote  energy  positions  and  intensities  of  fitted 
Lorentz  profiles. 
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insert  of  Fig.  4).  In  highly  resolved  spectra,  a 
triplet  line  structure  becomes  evident,  with  en¬ 
ergy  positions  at  2.78267,  2.78277  and  2.78290 
eV.  The  intensity  ratio  fitted  by  three  Lorentz 
profiles  of  0.125  meV  FWHM  each  is  found  to  be 
5:2:5,  respectively.  The  energy  distance  between 
the  two  intensive  components  of  0.23  meV  corre¬ 
sponds  well  to  the  value  reported  in  ref.  [19]. 

The  triplet  structure  resembles  the  structure 
observed  for  the  shallow  (A",  X)  complexes,  as 
described  in  the  previous  section.  The  oscillator 
strength  ratio  of  the  If  subcomponents  should  be 
expected  from  an  (A",  X)  complex  under  domi¬ 
nating  crystal-field  influence  and  weak  jj  cou¬ 
pling  leading  to  a  term  sequence  with  the  state 
lying  between  the  two  levels  of  higher  degener¬ 
acy.  Similar  to  the  (A'fi,  X)  and  (A'^^,  X)  recom¬ 
bination  lines,  the  oscillator  strength  ratio  of  the 
sum  of  the  stronger  subcomponents  to  the  v/eaker 
one  is  5 : 1. 

As  to  the  chemical  nature  of  the  If  centre,  the 
combination  of  a  donor  and  a  zinc  vacancy  ¥7^ 
seems  to  be  evident.  The  connection  with  shallow 
impurities  can  be  seen  in  the  excitation  spectrum 
of  the  if  line  given  in  Fig.  4.  The  appearance  of 
Liz„  acceptors  and  Al^^  donors  is  supposed  to 
result  from  the  spatial  extension  expressed  by  the 
intermediate  localization  of  the  If  centre,  as  di.s- 
cussed  above.  While  the  connection  of  A1  donors 
to  Vz„  seems  to  be  straightforward,  an  associate 
formed  by  and  Li,  (i  =  interstitial)  is  assumed 
to  be  more  likely.  The  amphoteric  behaviour  of 
Li  acting  as  a  substitutional  acceptor  or  an  inter¬ 
stitial  donor  is  well  known  [20].  Due  to  the  strong 
tendency  of  Li  to  leave  its  substitutional  Zn  site 
and  the  considerably  higher  abundance  of  Li  in 
the  studied  Markov  samples,  we  assign  the  If 
centre  to  an  (A",  X)  complex  with  a  (V^^,  Li^) 
acceptor  in  these  samples.  The  assignment  should 
not  exclude  other  donors  to  form  a  similar  acting 
complex.  As  a  consequence  of  the  given  assign¬ 
ment,  the  formation  of  an  if  centre  in  the  Markov 
samples  can  be  induced  by  a  single  Li^^  leaving 
its  substitutional  site  and  thus  creating  a  neigh¬ 
boured  Vz„-  The  participation  of  the  amphoteric 
Li  is  of  special  interest  due  to  a  possible  enhance¬ 
ment  of  the  intrinsic  self-compensation  effect  of 
ZnSe. 


5.  Conclusion 

Due  to  the  high  crystalline  quality  of  the  stud¬ 
ied  ZnSe  Markov-grown  samples,  sharp  emission 
and  excitation  lines  of  Al.  Ga,  In  and  Li  related 
shallow  bound  exciton  complexes  are  observed. 
The  electronic  structure  of  the  donor  bound  exci- 
tons  is  described  by  excited  single  hole  states  with 
quantum  numbers  n  and  /,  changing  only  the 
donor  Rydberg.  The  highly  resolved  fine  struc¬ 
ture  of  the  (A“li,  X)  complex  is  found  to  result 
from  the  jj  splitting  (y  =  0.3  meV)  and  the  influ¬ 
ence  of  the  cubic  crystal  field  (/S  =  0.14  meV). 

Strong  evidence  is  found  for  the  if-related 
centre  which  exhibits  an  electronic  fine  structure 
comparable  to  the  (A",  X)  complexes  to  be  built 
by  a  (V2„,  Li|)  associate  acting  as  an  acceptor. 
The  instability  of  the  Li  acceptor  against  dissocia¬ 
tion  into  a  zinc  vacancy  (V^^)  and  interstitial  Li 
(Lij)  leads  to  a  self-compensation  effect  aggravat¬ 
ing  effective  p-type  doping. 
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Abstract 

The  p-type  doping  of  ZnSSe  grown  by  MOMBE  (metalorganic  molecular  beam  epitaxy)  and  MBE  (molecular 
beam  epitaxy)  has  been  comparatively  studied.  The  p-type  doping  by  using  ammonia  as  a  dopant  source  in  MOMBE 
resulted  in  p-ZnSe  with  hole  concentration  of  up  to  10’^  cm"  \  Perfect  ohmic  contact  characteristics  were  achieved 
by  MOMBE  for  Au/p-ZnSe :  N  with  hole  concentration  of  5.5  x  lO'’  cm  \  On  the  other  hand,  p-type  doping  in 
MBE  by  using  nitrogen  plasma  as  a  dopant  resulted  in  p-ZnSe  with  net  acceptor  concentration  of  up  to  7.6  x  ID' 
cm"’.  l-V  characteristics  with  the  lowe.st  Schottky  barriers  were  obtained  for  Au/p-ZnSc  with  net  acceptor 
concentration  of  6.6  x  lO'*’  to  7.6  x  10'’  cm"’  for  ZnSe:N  and  of  2.8  x  10''’  to  1.2  x  10'  cm"’  for  ZoS^Se,  ,  ;N 
(x  =  0.03-0.12).  The  characteristics  of  ZnSc  light  emitting  diodes  with  p-ZnSe  grown  by  using  ammonia  in  MOMBE 
are  described.  The  characteristics  of  a  ZnCdSc/ZnSSc  la.scr  diode  with  p-ZnSSe  grown  by  using  nitrogen  plasma  in 
MBE  arc  discussed. 


1.  Introduction 

Successful  p-type  doping  of  ZnSe,  using  nitro¬ 
gen  as  a  dopant,  made  it  possible  to  demonstrate 
blue-green  laser  diodes  [1-7].  At  the  present 
stage,  laser  oscillations  have  been  attained  only 
by  MBE  using  nitrogen  plasma  as  a  dopant.  How¬ 
ever,  it  has  not  been  elucidated  whether  MOVPE 
(metalorganic  vapor  phase  epitaxy)  and  MOMBE 
can  control  p-type  conductivity  with  high  carrier 
concentration  or  not.  Many  efforts  have  been 
made  to  achieve  it  [9-11], 
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The  obstacle  remained  the  device  quality  of 
the  laser  diode.  In  order  to  achieve  high-perfor¬ 
mance  blue-green  laser  diodes,  improvement  of 
the  electrical  contacts  of  Au/p-ZnSe  is  an  indis¬ 
pensable  condition.  There  have  been  mainly  two 
approaches  to  get  ohmic  contacts.  One  is  to  use  a 
heavily  doped  narrow  gap  semiconductor  grown 
on  p- ZnSSe  as  a  contact  layer  [8],  and  the  other  is 
to  make  the  p-ZnSe  low-resistive,  which  is  caused 
by  a  leaky  Schottky  barrier  [12].  In  this  paper,  the 
electrical  properties  of  p-type  ZnSSe  highly  doped 
with  nitrogen  grown  by  MOMBE  and  of  those 
grown  by  MBE  are  comparatively  studied.  It  is 
demonstrated  that  the  electrical  contact  charac¬ 
teristics  of  Au/p-ZnSe  are  extremely  improved. 
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The  characteristics  of  ZnCdSe/ZnSSe  laser 
diodes  are  described. 


2.  Experimental  procedure 

The  details  of  our  MOMBE  apparatus  and  the 
substrate  preparation  techniques  have  been  re¬ 
ported  previously  [13,14],  Dimethylzinc  (DMZ) 
and  hydrogen  selenide  (H2Se)  were  used.  As  the 
dopant  source,  ammonia  (NH,)  was  used.  The 
MBE  apparatus  used  in  this  study  has  two  growth 
chambers.  In  the  preparation  of  ZnCdSe/ZnSSe 
laser  diodes,  n-type  layers  were  grown  by 
MOMBE  in  one  of  the  chambers,  and  then  the 
substrates  were  transferred  under  vacuum  (pres¬ 
sure  below  1  X  10  '"  Torr)  to  another  chamber 
in  which  both  p-t/pe  and  active  layers  were  grown 
by  conventional  MHE  using  nitrogen  RE  plasma 
as  a  dopant.  Each  gi.  wth  chamber  was  evacuated 
to  a  background  pressure  below  Ox  10”"  Torr. 
Zn.  Cd,  Se.  ZnS  (6N  grade),  and  ultra-pure  Nj 
were  used  to  grow  p-type  and  undoped  layers. 
DMZn.  DMS,  DMSe  and  ZnCK  were  used  to 
grow  the  n-type  layer.  The  Zn  beam  pressures 
were  fixed  at  1  x  1(1  Torr.  and  the  Se,  ZnS  and 
Cd  beam  pressures  were  (l-3)x  10''’,  (2-9)  X 
lO"’  and  (1-4) X  10“’  Torr.  respectively.  The 
substrates  were  thermally  etched  at  630°C  for  10 
min  under  vacuum  when  monitoring  the  reflec¬ 
tion  high-energy  electron  diffraction  (RHEED) 
reconstruction  pattern  of  (2  x  4).  The  nitrogen 
plasma  was  produced  by  a  Model  MPD21  of 
Oxford  Applied  Research,  UK.  The  nitrogen  flow 
rate  was  controlled  by  a  leak  valve  from  3  X  10  ’ 
to  4  X  10  Torr.  The  nitrogen  densities  [N]  in 
ZnS,Se|_,  :N  (a:  =  0-0.12)  were  determined  by 
monitoring  the  "“’SeN '  by  secondary  ion  mass 
spectrometry  (SIMS)  with  13  keV  Cs'^  as  the 
primary  beam.  Integration  of  the  '”SeN“  signal 
gave  the  nitrogen  concentration  in  comparison 
with  ZnSe:N  standards  implanted  with  at 
concentrations  of  lO”,  10'"  and  10'''  cm  ’.  The 
net  acceptor  concentration  ( A,  -  Aj )  was  deter¬ 
mined  by  capacitance-voltage  (C-U)  profiling. 
In  these  measurements.  Au  Schottky  barrier 
diodes  with  a  structure  of  Au/p-ZnSSc/p- 
GaAs/In  of  300  /rm  in  diameter  were  used. 


A.,-Aj  was  estimated  from  the  standard  analysis 
of  the  slope  of  the  C  -  versus  jltage  curve  in 
the  voltage  range  of  -3  to  3  V.  The  hole  concen¬ 
trations  were  determined  by  conventional  Hall 
measurements.  7  mm  square  samples  having  1.0 
mm  diameter  contact  pads  in  each  of  the  four 
corners  were  used  for  the  measurements.  The 
current-voltage  characteristics  were  measured  by 
Semiconductor  Parameter  Analyser  Model  4145B 
(Hewlett-Packard,  US.M.  Photoluminescence 
(PL)  spectra  were  measured  under  He-Cd  laser 
excitation  at  a  wavelength  of  325  nm  with  a 
power  density  of  less  than  l(K)  ^rW/cm’. 


3.  Characteristics  of  p-ZnSe :  N  grown  by 
MOMBE 

The  electrical  and  photoluminescence  proper¬ 
ties  of  p-type  ZnSe  highly  doped  with  nitrogen, 
grown  by  MOMBE,  were  reported  previously  [15]. 
In  the  present  paper  it  is  shown  that  the  good 
electrical  contacts  for  Au/p-type  ZnSe  highly 
doped  with  nitrogen  were  attained  without  ther¬ 
mal  annealing.  The  p-ZnSe  was  a  typically  1.0 
/xm  thick  epilaycr  grown  on  a  .semi-insulating 
GaAs  substrate  at  of  .35()-45()°C.  Fig.  1  shows 
the  typical  current-voltage  (/-E)  characteristics 
of  Au/p-ZnSe  for  a  ZnSe :  N  epilayer  grown  at 
.35()-450°C,  where  the  observed  turn-on  voltage  is 
the  reverse  bias  breakdown  voltage.  Fig.  la  shows 
the  contact  characteristics  of  the  .\u/p-ZnSe 
(sample  MH-52)  after  Au  deposition  at  room 
temperature  (RT).  Fig.  lb  shows  the  characteris¬ 
tics  after  the  application  of  75  V/8l)  /xs  pulses  at 
120  Hz  at  RT  to  the  Au/p-ZnSe,  and  Fig.  Ic 
shows  the  characteristics  after  the  treatment  of 
thermal  annealing  at  a  temperature  in  the  range 
of  2()0-350'’C  for  5  min.  In  the  order  of  Figs.  la. 
lb  and  Ic,  it  clearly  appears  that  the  Schottky 
barriers  were  reduced  and  the  contact  resistances 
were  also  improved.  As  shown  in  Fig,  lb.  the 
application  of  the  high  voltage  pulses  can  be 
effective  to  improve  the  contact  of  the  Au/p- 
ZnSc.  Perfect  ohmic  contact  is  achieved,  as  shown 
in  Fig.  Ic  indicating  a  straight  line  through  the 
origin.  This  result  means  that  a  hole  can  be 
injected  into  the  ZnSe  valence  band  through  a 
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Fig.  1.  Current-voltage  characteristic.s  of  Au/p-/nSe  for 
sample  MH-.s2  grown  by  MOMBE:  (a)  as-de(X)sileil  Au.  (b) 
followed  by  the  application  of  7.3  V/8(l  ps  pulses  at  120  H/ 
for  I  min.  and  (c)  after  thermal  annealing  at  .300‘’C  for  .3  min 
n  =  3,3  X  Id'  cm  '  at  RT). 


Schottky  barrier  with  a  height  of  1.25  eV  [18] 
when  low  reverse  bias-voltage  is  applied. 

To  study  the  crystal  quality  of  the  p-ZnSe 
grown  by  MOMBE.  the  photoluminescencc  (PL) 
spectra  and  X-ray  diffraction  were  measured.  The 
PL  intensity  of  the  p-ZnSc  is  too  weak  to  be 
detected  at  RT.  and  there  is  no  emission  line  in 
the  band  s  Jge  region  even  at  77  K.  The  full  width 
at  half  maximum  (FWHM)  of  the  (4(10)  diffrac¬ 
tion  was  greater  than  400  arc  sec.  These  results 
suggest  that  the  crystal  quality  of  the  p-ZnSe 
grown  by  MOMBE  is  lower,  which  is  presumably 
useful  in  the  improvement  of  the  electrical  con¬ 
tacts  due  to  tunneling  injection  of  holes  into 
ZnSe  through  various  defect  states  with  less  than 
1.25  cV  above  the  valence  band. 

Hall  measurements  were  carried  out  for  the 
p-type  films  with  Au  electrode  annealed  at  less 
than  .45()"C  for  5  min.  The  temperature  depen¬ 
dent  Hall  measurements  are  shown  in  Fig.  2.  The 
measured  hole  concentration  as  a  function  of 
temperature  is  governed  by  the  theoretical  ex¬ 
pression; 


P{  P  +  Na ) 


(I) 


where  p  is  the  hole  concentration,  is  the 
acceptor  ionization  energy,  is  the  density  of 
states  of  the  valence  band,  with 

N^  ^2(2m^kT/lrf  \ 

is  the  acceptor  concentration.  is  the  donor 
concentration,  g  is  the  degeneracy  of  the  accep¬ 
tor  level,  k  is  the  Boltzmann  constant,  and  T  is 
the  absolute  temperature.  The  hole  effective  mass 
(m^)  is  ().7d/fi,|.  estimated  from  m,!,  =  0. 1 b/?;,,  and 
Whh  ().75/n,|  [16].  £,',  values  of  100  meV  at  A’,  - 
/V.,  -  (4-7)  X  10'^  em  '  (/;(RT)  =  2.1  x  10 
cm  )  and  of  90  meV  at  A,  -  Aj  -  (2-4)  x  10‘'’ 
cm  '  (/;(RT)  =  5.0x  10''’  cm  ')  have  been  ob¬ 
tained.  As  shown  in  the  temperature  dependent 
conductivity  (Fig.  2b).  the  activation  energy  of 
p-type  conductivity  also  appears  to  decrease  with 
an  increase  in  hole  concentration  (at  RT)  As  the 
p-ZnSe  with  a  hole  concentration  of  5.5  x  lO'’ 
cm''  contained  a  nitrogen  concentration  of 
around  7x  10”*  cm  '  [14],  the  activation  effi¬ 
ciency  (p/[N])  was  estimated  to  be  about 
The  dependence  of  Hall  mobility  upon  hole  con¬ 
centration  of  the  p-ZnSe;N  is  shown  in  Fig.  2. 
The  Hall  mobility  depends  on  the  hole  concentra¬ 
tion.  where  the  mobility  decreased  from  55  to  1 1 
em’/V  •  s  as  the  hole  concentration  increased 
from  1.6  X  10''  to  5.5  x  lO''  cm' '. 

Light  emitting  diodes  with  a  structure  of 
Au/p-Zn.Se :  N/n-ZnSe/n-GaAs/ln  were  pre- 
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Fig.  2.  Tcmpcriilurc  dcpcntlcnl  Mall  measurcmcnls  lor 
ZnSciN  grown  by  MOMBl-.:  (a)  icnipcratiire  dependencies  ot 
hole  concentration  and  (b)  temperature  dependencies  of  con¬ 
ductivity. 
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I'iy.  A.  (  orrchjlion  between  Hull  mobility  ;ind  hole  a>ncenlr;i- 
lion  tor  p-l\pe  ZnSe :  N  grown  by  MOMHt  (•)  and  MBE  ( □ ). 


pared  hy  MOMBK.  In  these  devices,  low  resistive 
undoped  ZnSe  was  used  for  the  n-type  layer.  The 
net  electron  concentration  of  the  n-ZnSe  was 
estimated  to  he  6X  lO"'  cm  Fig.  4  shows  the 
emission  chtiracteristies  by  CW  operation  at  77  K. 
C'urrent-xoltage  characteristics  are  also  shown  in 
the  figure.  The  turn-on  voltage  is  as  low  as  6  V. 
The  emission  spectrum  was  measured  at  a  cur¬ 
rent  of  fi  mA  at  1.^  V.  The  emissions  observed  at 
4.sd  nm  (2.70  eV')  and  47.s  nni  (2.61  eV)  can  be 
assigned  to  those  caused  by  the  recombinations 
of  free  electron  to  acceptor  hole  (F'A)  [20]  and 
F)A  pair,  respectively. 
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Fiji.  .S.  Currcni  voluitic  yhurartcristics  of  An  'p-Zn.Sc;N  for 
■.ample  15’  <p=I.Vx|ll'  cm  '  al  RF)  lal  and  Au.p- 
/.nSiiiijSc,,,,,, :  N  for  sample  1511  (p  =  ’,Sx  III"'  cm  '  al  RT) 
(b)  (irimn  hy  MBF  with  iisini:  nilrogen  plasma. 


4.  Characteristics  of  p-ZnSSe:N  grown  b.v  MBE 
and  laser  diodes 

p-ZnS.Se  with  ;i  typically  2  ^im  thick  epilayer 
was  grown  by  MBF  at  /'^  =  2.s(l-4,s0’('.  The 
RHHFID  pattern  was  streaky  (2x1)  for  the 
ZnSSe:N  grown  at  7^.  which  is  indicative  of 
single  crystal  film  growth.  The  F'WHM  of  the 
(400)  diffraction  is  almost  independent  of  the 
amount  of  nitrogen  incorporated,  taking  a  eon- 
stant  value  of  180-270  arc  sec.  In  the  PL  spectra 
(at  77  K)  of  the  p-ZnSe  ;  N  with  nitrogen  concen¬ 
tration  higher  than  4..s  x  10''  cm  the  emis¬ 
sions  at  4.SS..S  nm  (2.70  eV)  assigned  tci  the  F.-\ 
recombination  arc  dominant. 

Fig.  .5  shows  the  typical  current-voltage  (  /-I  ) 
chfiractcristics  i>f  the  Au/p-type  films  of  the 
ZnSe :  N  with  a  net  acceptor  concentration  (  .V,- 
.y,)*>t  --l*^  (sample  1.52)  and  ZnS,i|i,Se,,.,^;  N 
with  1.2  x  lO'  cm  '  (sample  1.50),  where  no 
treatment  for  the  contacts  was  performed  after 
the  gold  deposition  at  R  T.  The  characteristics  of 
the  conlacis  vsere  not  improved  by  the  applica¬ 
tion  o'  hiel;  ullage  pulses  or  by  any  thermal 
aniu  .1  '.'huh.  is  different  from  the  character- 

istus  'III. Ids  for  the  p-ZnSe  grown  by 


M.  Mifiitu  et  al. /Jf>nrfiul  of  Cnstul  (/nw  th  13H  (J994)  391-396 


MOMBE  described  above.  Petruzzello  et  al.  have 
pointed  out  that  the  generation  of  point  defects  is 
accompanied  by  nitrogen  doping,  where  nitrogen 
plasma  was  used  as  a  doping  source  [21].  Oiu  et 
al.  have  reported  that  the  turn-on  voltage  of  the 
Au/ZnSe  contact  can  be  decreased  by  an  in¬ 
crease  in  the  net  acceptor  concentration  up  to 
2x  10"'  cm  which  was  accompanied  by  the 
degradation  of  crystal  quality  caused  by  reduction 
of  down  to  150°C  [12].  These  results  also 
suggest  that  the  improvement  of  the  contacts  is 
presumably  due  to  the  tunneling  injection  of  holes 
through  the  defect  states  with  less  than  1.25  eV 
above  the  valence  band  in  highly  doped  p-ZnSSc. 

To  investigate  the  nitrogen  incorporation  in 
ZnSe  as  a  function  of  substrate  temperature  un¬ 
der  different  nitrogen  plasma  fluxes  (of  3.2  X  10^^ 
and  4.5  X  10  Torr),  ZnSe.  N  films  were  grown 
with  fixed  RF  power  of  2(K)  W,  where  T„  was 
varied  from  250  to  4()0“C.  Fig.  6  shows  the  net 
acceptor  concentration  as  a  function  of  the  sub¬ 
strate  temperature.  /V, -jVj  decreased  slightly  as 
7,  was  increased,  which  indicates  that  the  stick¬ 
ing  coefficient  of  the  effective  nitrogen  species 
increases  with  a  decrease  in  The  plasma  flux 
dependence  on  N.-A^jindicates  that  the  lower 
plasma  flux  is  effective  to  improve  'he  p-type 
conductivity  of  ZnSe  -.  N.  In  the  next  step,  the 
doping  conditions  of  the  RF  power  were  investi¬ 
gated  under  a  fixed  flux  of  nitrogen  plasma  of 
3.2  X  10  Torr.  ZnSe :  N  films  were  grown  at 


Substrate  Temperature  (®C) 

i  I);  (i.  Siihslralc  Icmpcriituri'  dcptnclcncics  of  net  acceptor 
concentration  for  p-ZnSe:N  grown  under  nitrogen  plasma 
Hux  ol  3.2/  1(1  ^  Torr  (■)  and  4.5/  10  '*  Torr  ((.)>  at  RK 
power  ot  2(KI  W 


Fig.  7.  RF  power  dependencies  of  nitrogen  concentration  (a), 
and  net  acceptor  (O)  and  hole  concentration  (•)  (b)  for 
p-ZnSe:  N  grown  at  35dT. 


7,  =  35()‘’C.  where  the  RF  power  was  varied  from 
150  to  450  W.  Fig.  7a  shows  that  the  nitrogen 
eoncentration  increased  from  3  x  10"'*  to  1  x  10'“ 
cm  *  when  the  RF  power  was  increased  from 
150  to  450  W.  However,  as  shown  in  Fig.  7b,  both 
the  net  acceptor  concentration  and  the  hole  eon¬ 
centration  increased  as  the  power  was  increased 
up  to  300  W.  and  then  decreased  as  the  power 
was  increased  to  more  than  300  W.  The  doping 
conditions  have  already  been  investigated  under 
an  RF  power  of  less  than  350  W  [22].  In  the 
results,  the  same  tendency  appeared  slightly  for 
the  samples  grown  at  a  temperature  of  3(H)‘’C. 

The  maximum  activation  efficiency  (A,,- 
A(|/[N])  was  achieved  to  be  approximately  1  \''}  at 
nitrogen  concentration  of  7x10"'  cm  '.  This 
value  at  [/V]  =  7xl0''*  cm  *  is  considerably 
larger  than  that  reported  previously  [10],  Fig.  3 
also  shows  the  correlation  between  Hall  mobility 
and  hole  concentration  for  the  p-ZnSe  as  well  as 
for  p-ZnSSe  grown  by  MBE.  The  mobility  de¬ 
creased  from  32  to  9  em’/V  •  s  as  the  hole  con¬ 
centration  increased  from  6x  lO"'  up  to  5.h  X 
10’’  cm  '.  These  characteristics  arc  almost  the 
same  as  those  for  the  p-ZnSe  grown  by  MOMBE. 

Laser  diodes  with  a  structure  of  p-ZnSe:  N / 
p-ZnSSe  :  N/CdZnSe-ZnSe  multi-quantum 
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Wavelength  (nm) 


Fig.  8.  Light-putpul  characteristics  of  ZnCdSe/ZnSSe  laser 
diodes  at  77  K  (pulsed). 

wells/n-ZnSe :  Cl/n-ZnSSe ;  Cl/n-GaAs(100)/ 
In/Au  were  fabricated,  where  the  p-type  layers 
were  made  by  using  nitrogen  plasma  as  a  dopant 
in  MBE.  In  these  devices,  the  active  layer  is 
composed  by  Cd,,  ijZn,,  77Se(  100  A)-ZnSe(  100  A) 
three  quantum  wells.  The  net  hole  concentrations 
measured  by  C-K  profiling  are  5  X  10'’  cm"  '  for 
p-ZnSe  and  2  x  10”  cm"'  for  p-ZnSSe.  As  shown 
in  Fig.  8.  the  laser  operation  at  a  wavelength  of 
498  nm  was  observed  when  the  pulsed  voltage  of 
more  than  28  V  was  applied  at  77  K.  The  cur¬ 
rent-light  (/-L)  characteristics  of  the  laser  diode 
are  also  shown  in  the  figure.  These  devices  with  a 
typical  threshold  current  density  around  460 
A/cm-  (threshold  current  7,^,  =  128  A)  are  oper¬ 
ated  with  3(K)  ns  pulses  at  2  kHz  repetition  rates. 
In  these  devices,  the  end  facets  were  uncoated. 


5.  Summary 

The  characteristics  of  p-type  ZnSe  heavily 
doped  with  nitrogen,  grown  by  MOMBE,  and 
those  of  p-ZnSSe  grown  by  MBE  were  compara¬ 
tively  studied.  The  p-type  ZnSe  with  hole  concen¬ 
tration  of  2  X  10''  to  .*)..*)  X  10'’  cm  '  was  grown 
by  MOMBE.  Perfect  ohmic  contact  characteris¬ 
tics  were  achieved  for  the  Au/p-ZnSc  of  ZnSe :  N 
grown  by  MOMBE.  For  the  Au/p-ZnSSe  grown 
by  MBE.  /-F  characteristics  with  the  lowest 
Schottky  barriers  were  also  obtained  by  using 
ZnSe ;  N  with  net  acceptor  concentrations  of  6.6 
X  10"’  to  7.6  X  10'’  cm  '  and  ZnS.Sc,  ,:N  (j» 


=  0.03-0.12)  with  2.8  X  10"’  to  1.2  X  lO”  cm"  ', 
respectively.  ZnCdSe/ZnSSe  laser  diodes  with  a 
threshold  current  density  of  460  A/cm’  at  77  K 
(pulsed)  were  fabricated. 
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Abstract 

This  paper  presents  the  growth  and  characterization  of  N-doped  ZnSc  grown  on  vicinal  (IIX))  and  (211)  GaAs 
substrates.  The  effects  of  the  surface  steps  on  the  formation  of  deep  donors  arc  investigated  by  comparing  PL 
properties  and  net-acceptor  concentration  of  N-doped  ZnSc  epilayers  grown  on  the  vicinal  surfaces  with  those  grown 
i)n  the  c.xact  (100)  surface.  It  is  shown  that  the  use  of  the  vicinal  substrate  suppresses  the  generation  of  deep  donors 
and  enhances  the  net  acceptor  concentration.  The  effects  of  the  dangling  bonds  at  Zn  sites  on  the  N-incorporation 
process  are  studied  by  comparing  the  net-acceptor  concentration  of  N-doped  ZnSe  epilayers  grown  on  the  (21  DA 
surface  with  that  on  the  (21 1)B  surface,  it  is  found  that  the  N  incorporation  is  limited  by  the  single  dangling  bond  at 
the  Zn  sites. 


1.  Introduction 

Low-resistivity  p-type  ZnSe  has  been  achieved 
using  a  plasma  source  for  nitrogen  (N)  doping 
during  molecular  beam  epitaxy  (MBE)  [1,2].  This 
progress  in  p-type  doping  of  ZnSe  has  led  to  the 
demonstration  of  a  blue-green  diode  laser  in 
ZnSe-based  heterostructures  [3,4].  The  net  accep¬ 
tor  concentration  in  p-type  ZnSe  in¬ 

creases  monotonically  with  increasing  concentra¬ 
tion  of  incorporated  nitrogen  up  to  ~  lO''*  cm  ’ 
[5,6],  while  it  decreases  when  the  N  concentration 
exceeds  ~  5  x  Ifl"*  cm  "  ’.  Under  optimal  condi¬ 
tions,  a  net  acceptor  concentration  of  up  to  1  x 
10''’  cm  ’  in  a  p-type  Znse  epilayer  with  N 
concentration  of  5.2  X  10"*  cm"’  was  obtained 
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[5].  Typically,  photoluminc.scence  (PL)  .spectra  of 
N-doped  ZnSe  with  -  A/j,  <  LO  X  10'^  cm  ■’ 
show  dominant  emission  between  a  shallow  resid¬ 
ual  donor  and  an  N-acceptor  (D'AP)  at  about 
2.693  cV,  while  the  N-doped  ZnSe  epilayers  with 
V,,  -  >  LO  X  10 cm  '  exhibit  dominant 

emission  between  a  deep  N-a.s.sociated  donor  and 
an  N-acceptor  (D‘'AP)  at  about  2.681  eV  [5,8].  PL 
spectra  from  the  epilayers  with  -  /V„  of  1.0  x 
10'’  cm  ’  show  both  the  D'AP  and  D^'AP  emis¬ 
sions  [7,8].  The  ionization  energy  for  the  deep 
N-asscKiated  donor  was  determined  as  55  +  5 
meV  from  a  recent  optical  study  of  N-doped 
ZnSe  [8].  Therefore,  one  of  the  main  causes  of 
the  limit  on  the  maximum  attainable  net  acceptor 
concentration  is  believed  to  be  compensation  re¬ 
lated  to  the  formation  of  the  deep  N-associated 
donor,  which  was  proposed  to  be  a  complex  of  an 
N-acceptor  and  a  defect  [7,9], 
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The  formation  of  defects  in  ZnSe  during 
growth  may  depend  on  the  surface  structure, 
bond  configuration,  type  of  surface  steps,  and 
their  density.  The  purpose  of  this  study  is  to 
examine  the  effects  of  these  parameters  on  the 
electrical  and  optical  properties  of  N-doped  ZnSe 
and  on  the  N-incorporation.  We  have  performed 
two  types  of  experiments;  comparison  of  growth 
on  exact  (10())-oriented  GaAs  with  that  on  (100)- 
misoriented  GaAs  and  comparison  of  N-doping 
of  ZnSe  grown  on  {211)A-oriented  GaAs  with 
that  on  (211)B.  The  use  of  the  vicinal  (100)  sur¬ 
face  allows  us  to  .study  the  effects  of  the  surface 
steps  and  the  step  density,  and  the  use  of  both 
the  (21  DA  and  (211)B  orientations  to  investigate 
the  effect  of  bond  configuration.  We  have  at¬ 
tempted  to  improve  the  crystal  quality  of  N-doped 
ZnSe  and  then  to  suppress  the  generation  of  the 
deep  N-associated  donor  by  using  the  vicinal  (100) 
surface,  since  two-dimensional  growth  is  en¬ 
hanced  on  a  vicinal  (100)  surface.  We  will  show 
that  the  use  of  the  vicinal  substrates  suppresses 
the  generation  of  the  deep  donor  in  heavily  N- 
doped  ZnSe  and  enhances  the  net  acceptor  con¬ 
centration,  and  that  the  N-incorporation  prcKess 
depends  strongly  on  the  surface  bonding  nature. 


2.  Experimental  procedure 

The  N-doped  ZnSe  films  were  grown  on  (1(K))- 
and  (21  l)-oricnted  GaAs  substrates  by  MBE.  The 
active  nitrtigen  flux  produced  by  a  microwave 
plasma  source  was  injected  into  the  MBE  cham¬ 
ber  through  a  quartz  gla.ss  pipe.  The  (low  rate  of 
N,  was  kept  constant,  such  that  the  background 
pressure  during  growth  was  maintained  at  2  x 
10  Torr.  The  N  concentration  incorporated  in 
the  ZnSe  films  was  controlled  cither  by  the 
changing  microwave  power  in  the  range  of  50-2(KI 
W  or  the  growth  rate  of  ZnSe.  The  beam  pres¬ 
sure  ratio  of  Zn  to  Sc  was  varied  from  0.5  to  3, 
and  the  substrate  temperature  was  varied  from 
2.30  to  .3(K)°C.  The  growth  rates  were  0.7- 1.0 
fim/h  and  the  thicknesses  of  the  films  were  about 
2.8  /zm.  For  each  growth  run,  the  ZnSc:N  sam¬ 
ples  to  be  compared  were  grown  simultaneously 
on  the  substrates  mounted  side  by  side.  The 


Photon  Energy  (eV) 


Fig.  I,  PL  speclra  from  the  ZnSc:N  cpilayers  grown  on  the 
exact  (UK))  GaAs.  and  on  (100)  misoriented  4°  off  toward 
(110)  and  (010).  The  deep  DAP  emission  was  obsened  from 
the  epilayer  grown  on  the  exact  (UK))  GaAs.  while  it  was  not 
observed  from  the  epilayers  grown  on  the  vicinal  (UK))  GaAs. 

cpilayers  were  characterized  by  photolumines¬ 
cence  and  capacitance-voltage  (C-V)  measure¬ 
ments.  The  PL  spectra  were  measured  using  the 
.3250  A  line  from  a  Hc-Cd  laser  of  10  mW  as  an 
excitation  source  at  14  K.  The  - /V,,  value 
was  determined  by  C-l'  profiling  using  Au  as  a 
Schottky  barrier  metal. 


3.  Growth  of  ZnSe :  N  on  vicinal  ( lOOlGaAs 

.?.  /.  Comparison  of  ZnSe :  N  f;rown  on  4°-misori- 
ented  ( 100)  with  that  on  exact  ( 100) 

The  electrical  and  PL  properties  of  ZnSe :  N 
grown  on  vicinal  ( KM))  GaAs  have  been  compared 
with  those  on  exact  ( KK)).  Fig.  I  shows  PL  spectra 
from  ZnSe ;  N  epilayers  grown  simultaneously  on 
the  exact  (KM))  GaAs,  and  (KM))  GaAs  misori¬ 
ented  4°  (iff  toward  (110)  and  (010).  The  beam 
pressure  ratio  was  unity  and  the  substrate  tem¬ 
perature  was  230°C.  No  significant  difference  in 
growth  rate  between  the  epilayers  grown  on  the 
exact  and  vicinal  ( 100)  GaAs  has  been  found.  The 
-  /V|,  values  are  measured  to  be  5  x  10"’  cm  ’ 
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for  the  epilayer  grown  on  (UK))  GaAs,  2.1  X  lO'^ 
cm  ’  for  the  epilayer  on  (UK))  GaAs  misoriented 
toward  (110)  and  2.5  x  10'^  cm  ’  for  the  epilayer 
on  (UK))  GaAs  misoriented  toward  (010).  The 

-  A„  values  of  the  epilayers  grown  on  vicinal 
surfaces  are  4-5  times  larger  than  that  grown  on 
the  (100)  GaAs.  All  the  three  samples  show  dom¬ 
inant  D'AP  emi.ssions  at  2.694  eV.  A  small  hump 
due  to  D''AP  emission  is  observed  at  2.682  eV  for 
ZnSe;N  grown  on  (100)  GaAs.  while  it  is  not 
observed  for  ZnSe :  N  grown  on  vicinal  substrates, 
which  indicates  reduction  of  the  deep  donors  in 
ZnSe :  N  epilayers  grown  on  vicinal  surfaces. 
These  facts  indicate  that  the  crystal  quality  of 
N-doped  ZnSe  is  improved  by  using  the  vicinal 
surface,  which  results  in  the  suppression  of  the 
formation  of  the  deep  donor  and  increases  the 

-  A,)  value.  The  strong  emission  at  2.786  eV 
is  accompanied  by  phonon  replica  at  2.756  eV 
and  can  be  attributed  to  a  neutral  acceptor-bound 
exciton  (1,)  [8]. 

The  PL  spectra  from  ZnSe:N  samples  with 
low  N  concentrations  grown  on  exact  and  vicinal 
( 100)  GaAs  exhibit  dominant  shallow  DAP  emis¬ 
sions  at  2.692  eV,  as  shown  in  Fig.  2.  The  sub¬ 
strate  temperature  was  2.5()°C  and  the  beam  pres¬ 
sure  ratio  of  Zn  to  Se  was  0.5.  No  deep  DAP 


Fig.  2.  PL  spectra  from  the  ZnSc.  N  epilayers  with  low  N 
concentrations  grown  on  the  exact  (KKI)  OaAs,  and  on  tllKII 
GaAs  misoriented  4'  off  toward  ( 1 10)  and  (010).  The  PL 
spectra  from  the  three  samples  show  dominant  shallow  DAP 
emissions. 


Fig.  .4.  PL  spectra  from  the  highly  N-doped  ZnSe  epilayers 
grown  on  the  exact  (IIKI)  GaAs.  and  on  (IIK))  GaAs  misori- 
enled  4"  off  toward  (III))  and  (010).  The  PL  spectra  from  the 
three  samples  show  dominant  deep  DAP  emissions. 

emission  was  observed.  The  A^  -  A,,  values  ob¬ 
tained  were  (.1-5)  x  H)"’  cm  '  for  the  samples 
grown  on  exact  (UK))  GaAs  and  (0.9-1  )x  10'" 
cm“ '  for  the  samples  on  vicinal  ( 100)  GaAs.  This 
fact  indicates  that  the  use  of  vicinal  (100)  sub¬ 
strates  reduces  the  defects  in  ZnSe  and  improves 
N  activity,  or  enhances  the  N  incorporation  rate. 

The  highly  N-doped  ZnSe :  N  samples  grown 
on  exact  and  vicinal  (UK))  GaAs  show  dominant 
deep  DAP  emissions  at  around  2.67  eV.  as  shown 
in  Fig.  .1.  The  A^  -  A„  values  obtained  from  the 
samples  grown  at  substrate  temperature  of  250°C 
with  the  beam  pressure  ratio  of  Zn  to  Se  being 
fi.xed  at  0.5  were  2x  10'  cm  '  for  exact  (UK)) 
GaAs  and  4  x  U)'’  cm  '  for  vicinal  (UK))  GaAs. 
When  the  substrate  temperature  increased  to 
.5(K)“C,  the  A.^  -  A,-,  value  decreased  to  9  x  It)'" 
cm  '  for  the  sample  on  exact  (UK))  GaAs.  while 
it  was  not  varied  for  the  samples  on  vicinal  (UK)) 
GaAs.  Park  et  al.  [10]  have  reported  detailed 
substrate  temperature  dependence  of  the  resistiv¬ 
ity  of  ZnSe:N  grown  on  exact  (UK))  GaAs.  The 
resistivity  increased  from  0.8  to  1.9  f2cm  as  the 
substrate  temperature  increased  from  250  to 
.1(K)°C.  The  increase  in  the  resistivity  of  the 
ZnSe :  N  layer  was  explained  to  be  due  to  com- 
pen.saticm  by  generation  of  point  defects  at  higher 
substrate  temperature  (U)].  Therefore,  the  fact. 
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that  the  -  A/,,  did  not  vary  with  the  substrate 
temperature  in  ZnSe;N  grown  on  vicinal  (100) 
GaAs  indicates  that  the  growth  on  the  vicinal 
(100)  GaAs  really  suppresses  the  generation  of 
the  defects. 

The  -  iV[)  values  of  the  samples  grown  on 
(100)  GaAs  misoriented  4°  off  toward  (110)  and 
(010)  are  plotted  against  those  on  exact  (1(K)) 
GaAs  in  Fig.  4.  The  -  N^y  values  obtained 
from  ZnSe :  N  grown  on  vicinal  surfaces  are  at 
least  twice  of  those  on  the  exact  (1(K))  surface.  It 
is  clear  that  the  net  acceptor  concentration  is 
enhanced  by  using  the  vicinal  (UK))  surfaces.  No 
significant  difference  between  the  samples  grown 
on  ( UK))  GaAs  misoriented  toward  ( 1 10)  and  (010) 
is  found. 

Comparison  of  ZnSe.  N  grown  on  2°-  and 
4° -misoriented  ( 100)  GaAs  with  those  on  exact 
1100)  GaAs 

Fig.  5  shows  PL  spectra  from  ZnSe :  N  epilay- 
ers  grown  simultaneously  on  exact  (UK))  GaAs. 
and  on  (100)  GaAs  misoriented  2°  and  4°  off 
toward  (110)  at  the  substrate  temperature  of 
250‘’C  and  with  the  beam  pressure  of  unity.  The 
i\\  -  /V()  values  are  measured  to  be  8  x  10"’  cm  ‘ ' 
for  the  sample  grown  on  ( 1(H))  GaAs  and  9  x  10"’ 
cm  '  for  the  samples  on  vicinal  ( KKI)  GaAs.  All 
the  three  samples  show  dominant  D'AP  emis¬ 
sions  at  2.696  eV.  The  epilayers  on  vicinal  (100) 


Fig.  5.  PL  spectra  of  ZnSeiN  epilayers  grown  on  the  exact 
(HM))  GaAs.  and  on  (1(M)>  GaAs  mistiriented  2~  and  4®  off 
toward  ( 1 10). 

GaAs  show  the  emi.ssions  associated  with  neutral 
bound  acceptor  at  2.786  eV  stronger  than  that 
from  the  epilayers  on  exact  (UK))  GaAs.  The 
D^’AP  cmi.ssion  at  2.682  eV  appears  distinctly  in 
the  spectrum  from  the  epilayer  on  exact  (UK)) 
GaAs.  while  it  is  reduced  in  the  spectrum  from 
the  sample  on  2°-misoriented  (UK))  GaAs  and 
disappears  from  the  sample  on  4°-misoriented 
(l(X))  GaAs.  These  facts  confirms  that  the  growth 
of  vicinal  ZnSe:N  suppresses  the  generation  of 
the  defects  and  deep  donor. 
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Fig.  4.  Ny  -  ;V„  values  iif  the  samples  grown  on  ( KKt)  CiaAs 
misoriented  4"  off  toward  (lltl)  and  (010)  versus  N^  -  N„ 
values  of  the  samples  grown  on  exact  ( KKI)  GaAs. 


4.  Growth  of  ZnSe:N  on  (21l)GaAs 

The  N-incorporation  process  is  dependent  on 
the  surface  bonding  nature.  The  polar  (211)  sur¬ 
face  provides  a  tool  for  studying  the  incorpora¬ 
tion  process  of  impurities,  since  there  are  two 
kinds  of  dangling  bonds  (single  and  double  dan¬ 
gling  bonds)  on  the  surface  [1 1.12].  An  ideally  flat 
ZnSe  (211)  surface  is  schematically  shown  in  Fig. 
6.  The  N-acceptor  sites  are  the  ones  with  a  single 
back-bond  on  the  (21  DA  surface,  whereas  they 
are  the  ones  with  double  back-bond  on  the  (21 1)B 
.surface.  The  density  of  N-acceptor  sites,  i.e..  Se 
sublattice  sites  on  the  (21  DA  surface,  is  twice 
that  on  the  (21 1  )B  surface.  The  incoming  N  atoms 
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Fig.  6.  Crystallographic  model  of  ideal  ZnSe  (211)  surface.  On 
the  (21  DA  surface,  the  white  circles  represent  Zn  atoms  and 
the  black  ones  Se  atoms:  on  the  (21 1  )B  surface,  the  arrange¬ 
ment  is  reversed. 


would  form  bonds  to  Zn  atoms  with  single  dan¬ 
gling  bond  on  the  (2 IDA  more  easily  than  those 
with  the  double  dangling  bonds  on  the  (21 DB. 
since  the  double  dangling  bonds  of  Zn  atoms 
would  form  dimers.  Thus,  it  is  expected  that  the 
N-incorporation  rate  into  the  (21  DA  surface  is 
much  larger  than  that  into  the  (21  DB  surface. 

Fig.  7  shows  PL  spectra  from  N-doped  ZnSe 
epilayers  grown  simultaneously  on  (21  DA  and 
(21  DB  GaAs,  where  the  beam  pressure  ratio  of 
Zn  to  Se  was  3  and  the  substrate  temperature 
was  250°C.  No  significant  difference  in  growth 
rate  between  the  epilayers  grown  on  (21  DA  and 
on  (21  DB  GaAs  has  been  found.  The  PL  spectra 
from  both  samples  show  dominant  shallow  DAP 
emission  at  2.690  eV  and  bound  exciton  emis¬ 
sions  at  deep  acceptors  (I)')  at  2.782  cV.  The 
value  of  ZnSc;N  grown  on  (21  DA  is 


estimated  as  8  X  10''  cm“  ’  for  (21  DA.  which  is 
16  times  larger  than  that  on  (21DB  (5  x  lO'’’ 
cm“  '),  indicating  that  the  N-incorporation  is  lim¬ 
ited  by  the  number  of  single  dangling  bonds  at  Zn 
sites.  The  N  concentrations  in  the  epilayers  have 
been  estimated  using  secondary  ion  mass  spec¬ 
trometry  (SIMS).  The  SIMS  results  indicate  that 
the  N  concentrations  in  these  particular  samples 
are  below  the  detection  limit  of  SIMS  (  ~  5  X  lO"’ 
cm’). 


5.  Conclusion 

We  have  investigated  the  effects  of  the  surface 
steps  on  the  generation  of  N-associated  deep 
donors  through  a  comparison  of  the  PL  proper¬ 
ties  and  net-aceeptor  concentration  of  ZnSe ;  N 
epilayers  grown  on  vicinal  (100)  surfaces  with 
those  grown  on  the  exact  (100)  surface.  It  is 
shown  that  the  use  of  the  vicinal  (l(K))  substrate 
suppresses  the  generation  of  the  defects  in 
ZnSe :  N,  which  results  in  the  suppression  of  the 
formation  of  deep  donors  and  enhances  the  net 
acceptor  concentration.  The  effeets  of  bonding 
natures  at  Zn  sites  on  the  N-incorporution  pro¬ 
cess  are  studied  by  comparison  of  the  net-accep¬ 
tor  concentration  of  ZnSe :  N  grown  on  the  (21  DA 
surface  with  that  on  the  (21  DB  surface.  It  is 
found  that  the  N-incorporation  is  limited  by  the 
single  dangling  bond  at  the  Zn  sites. 


Fig.  7.  PL  spectra  from  the  N-doped  ZnSe  epilayers  grown  on 
(21  DA  and  (2JDB  GaA.s. 


6.  References 

U)  R.M.  Park.  M  B,  Troffer.  C  M,  RnulL-au,  J,M,  IX-Puydt 
and  M,A,  Haase.  Appl.  Phys.  Ltn.  >1  (IddO)  2127. 

12]  K.  Ohkawa.  T.  Karasawa  and  T.  Milsuyu.  Jap.  J.  Appl. 
Phys.  ,h)  (IWI)  LI.S2. 

I.J)  M.A.  Haasi-.  J.  Oiu.  J  M.  DePuydt  and  It  Cheng.  .Appl. 
Phys.  l.cu.  5y  (IWI)  1272. 

14|  H.  Jeon.  J.  Ding.  W.  Pallcrson.  A.V.  Nurmikko.  W.  Xie. 
D.C.  Cirillo.  M.  Kohayashi  and  R.L.  Ciunshor.  Appl. 
Phys.  l.ett.  .Sd  (IWI) 

l.S)  J.  Oiu.  J.M.  DePuydt.  H.  Cheng  and  M.A.  Haase.  .Appl. 
Phys.  Lett.  .Sd  (IWI)  2dd2. 

Ihl  T.  Ohtsuka  and  K.  Horie.  Jap.  J.  Appl.  Phys,  .12  (ldd.1) 
L2.1.C 

(71  l.S.  Hauksson.  J.  Simpson.  S.Y.  Wang.  K.A.  Prior  and 
B.C.  Cavcnell.  Appl.  Phys.  Lett.  M  (ldd2)  22ns. 


41)2 


7..  Zhn  el  ai  /  Journal  of  Crystal  Gnnvth  US  i IW4)  Jir7-402 


Isj  Z.  Zhu.  K.  Taksbayashi.  K.  Tanaka,  T.  Ebisutani.  J. 
Kawamata  and  1.  't  an,  AppI,  Phys.  Lett,,  tii  be  pub¬ 
lished. 

[y]  T.  Yao,  T.  Matsumotii,  S.  Sasaki,  C'.K,  (  hung,  Z.  Zhu 
and  F,  Nishiyama,  J,  Crystal  Growth  I3S  (IWd)  2y0. 

IIDJ  R.M.  Park,  M.B.  Trotter,  E.  Yablonovitch  and  T.J,  Gmit- 
ter.  AppI,  Phys.  Lett,  .SydWI)  IX%. 


[Ill  S.  Subbanna.  11,  Kroemer  and  J.L.  Merz.  J.  ,Appl.  Phys 
5y  (!9Sb)  4SS. 

|12i  P.N.  Uppal.  J.S.  Ahearn  and  J.W.  Little,  J.  Vac.  ,Sci 
Technol.  B  h  (IWS)  f’41. 


Journal  of  Cryslal  Growth  1  .W  ( 1 W4)  403-407 


HUSEVIER 


CRYSTAL 

GROWTH 


p-Type  doping  of  ZnSe  with  a  novel  nitrogen  exciter 

Takashi  Matsumoto  *,  Tsuneo  Inaba,  Yasuo  Yoda,  Katsumi  Egashira, 
Takamasa  Kato,  Tetsuya  Akitsu 

Department  of  Electronic  Ennineering,  Yamanashi  Llnii  ersity,  TakeJa  4,  Kofu  40().  Japan 


Abstract 

A  novel  nitrogen  exciter  lor  p-type  eloping  of  ZnSe  has  been  developed.  It  is  of  a  simple  structure,  easy  to  handle 
and  to  maintain,  of  a  high  reliability,  and  inexpensive.  Emission  spectra  from  excited  nitrogen  and  doping  efficiency 
arc  studied  for  different  operating  conditions  of  the  exciter.  Substrate  temperature  dependence  of  net  acceptor 
concentrations  are  also  examined.  Net  acceptor  concentrations  as  high  as  8  x  10''  cm  '  are  readily  obtained. 


1.  Introduction 

p-Type  doping  of  low  resistivity  and  high  car¬ 
rier  concentration  is  one  of  the  key  technologies 
for  device  applications  of  ZnSe  related  wide  gap 
IJ-VI  compounds,  such  as  laser  diodes  operating 
in  the  blue  region  of  the  spectrum  [1].  Doping  of 
nitrogen  acceptors  in  high  concentrations  into 
ZnSe  families  grown  by  MBE  has  been  succeeded 
by  making  use  of  RF-excited  radical  beam  [2-4] 
or  ECR-excited  plasma  of  nitrogen  [5].  However, 
the  relation  between  exciting  condition  of  nitro¬ 
gen  gas  and  doping  characteristics  has  not  yet 
been  studied  in  detail.  In  this  paper  we  describe  a 
novel  nitrogen  exciter  for  p-type  doping  of  ZnSe. 
The  emi.ssion  spectra  from  excited  nitrogen  are 
measured  under  different  operating  conditions  of 
the  exciter,  such  as  electrode  distance,  RF  power 
and  gas  pressure,  and  an  optimum  condition  for 
p-type  doping  is  determined.  Net  acceptor  con- 
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centrations  as  high  as  8x11)'’  cm"  '  are  ob¬ 
tained. 


2.  Experiments 

Layers  of  p-type  ZnSe  were  grown  in  an  MBE 
chamber  equipped  with  a  novel  nitrogen  exciter. 
Source  materials  arc  high-purity  metallic  zinc  (6- 
nine  S-1  grade  of  Osaka-Asahi  Metal  Co.  and 
7-nine  grade  of  Dowa  Mining  Co.),  high  purity 
metallic  selenium  (b-nine  super  grade  of  Osaka- 
A.sahi  Metal  Co.)  and  high  purity  nitrogen  gas  (S 
grade  of  Nippon  San.so  Co.).  Fig.  I  shows  a 
schematic  drawing  of  the  nitrogen  exciter  (plasma 
cell)  used  in  this  study.  A  cell  with  12  mm  inner 
diameter  and  70  mm  long  was  made  of  fused 
quartz,  and  and  it  was  connected  at  the  end  of  a 
1  /8  inch  stainless  pipe.  The  wall  thickness  of  the 
cell  was  1  mm.  An  aperture  of  0.4-().5  mm  diam¬ 
eter  was  made  at  the  center  of  the  cell  to  effuse  a 
beam  of  excited  nitrogen.  A  pair  of  ring-shaped 
electrodes  made  of  1  mm  diameter  stainless  wire 
were  set  around  the  cell  on  both  sides  of  the 
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Fig.  1.  Schematic  drawing  of  the  novel  nitrogen  exciter. 


aperture,  so  that  the  distance  between  the  two 
electrodes  was  easy  to  change.  The  nitrogen  in 
the  cell  was  excited  by  RF  (2  MHz)  power  sup¬ 
plied  through  the  electrodes  by  capacitive  cou¬ 
pling.  The  nitrogen  exciter  was  set  in  the  growth 
chamber  facing  the  substrate  holder.  The  emis¬ 
sion  spectrum  from  the  excited  nitrogen  was  mea¬ 
sured  through  a  quartz  window  of  the  growth 
chamber  with  a  focusing  lens,  an  optical  fiber,  a 
25  cm  grating  monochromator,  a  photomultiplier 
and  a  ^u-ampere  meter. 

ZnSe  layers  with  a  thickness  of  about  2  /rm 
were  grown  on  p*-GaAs(l(K))  substrates.  The 
substrates  were  etched  in  a  solution  of  5H2SO4  + 
H,02-fHi0  and  treated  in  solution 

just  before  setting  in  the  growth  chamber.  Schot- 
tky  contacts  were  made  by  evaporating  Au  onto 
the  as-grown  ZnSe  surface.  Net  acceptor  concen¬ 
trations  were  estimated  at  room  temperature  by 
capacitance-voltage  (C-F)  measurements  at  40 
Hz  and  1  MHz.  ZnSe  layers  were  characterized 
by  PL  measurements  at  12  K. 


3.  Results  and  discussion 

Emission  spectra  from  the  excited  nitrogen  are 
shown  in  Fig.  2  for  a  constant  RF  power  of  50  W 
with  different  pressures  and  electrode  distances. 
Emission  lines  in  the  ranges  of  550-7(K)  and 
350-450  nm  have  been  respectively  assigned  as 
the  first  and  the  second  positive  bands  of  Nj 
molecules  [6],  The  lines  indicated  by  solid  circles 
have  been  assigned  as  due  to  N/  ions.  The 
emission  spectra  were  found  to  change  with  N2 
gas  flow  rate  (that  is,  the  pressure  in  the  cell  and 


the  growth  chamber),  the  distance  between  the 
two  electrodes,  and  RF  power.  When  the  elec¬ 
trode  distance  d  was  20  mm,  the  N7  lines  domi¬ 
nated  the  spectra  and  the  lines  due  to  excited  N, 
molecules  were  very  weak,  as  can  be  seen  in  Fig. 
2c.  When  d  was  increased  to  60  mm,  the  N7 
lines  were  reduced  in  intensity  and  the  N, 
molecule  lines  became  dominant,  as  shown  in 
Figs.  2a  and  2b.  The  difference  between  spectra 
2a  and  2b  shows  the  effect  of  N,  flow  rate.  When 
the  Nj  flow  rate  was  increased  from  0.2  to  1 
normal  cubic  centimeter  per  minute  (NCCM),  the 
intensity  of  the  first  positive  band  increased  by  a 
factor  of  5,  while  that  of  the  second  positive  band 
increased  by  a  factor  of  2.  On  the  other  hand,  the 
lines  reduced  in  intensity  with  increasing  N, 
flow  rate.  The  pressure  in  the  cell  for  N,  flow 
rate  of  0.2  and  1.0  NCCM  was  estimated  to  be 
2.5  X  10’*  and  1.3  x  10~‘  Torr,  respectively.  An 
operating  condition  producing  large  intensity  of 
the  first  positive  band  of  the  Nj  molecule  is 
thought  to  be  favorable  for  an  efficient  nitrogen 
doping,  because  nitrogen  responsible  for  doping 
is  active  nitrogen  of  the  NTA’EJ' )  metastables, 
the  lower  state  of  the  first  positive  transitions  [6]. 
Therefore,  we  adopted  a  large  electrode  distance 


Fig.  2.  Emission  spectra  from  excited  nitrogen  under  different 
operating  conditions  of  the  exciter:  (a)  electrtxle  distance 
</  =  f)0  mm,  N.  flow  rate  A/,..  =  0.2  NCCM,  (h)  d  =  M)  mm. 
Fn.=  1  NCCM,  and  (c)  (/=20  mm.  F^,  =  I  NCCM.  RF 
power  is  50  W  for  all. 
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Fig.  3.  RF  power  dependences  of  emission  spectra  from 
excited  nitrogen  for  N,  gas  flow  rales  of  0.2  and  I  NCCM. 
Electrode  distance  is  60  mm. 


(d  =  60  mm)  and  a  high  N,  flow  rate  =  0.7-1 
NCCM)  for  the  growth  of  p-type  ZnSe  layers. 
When  the  electrode  distance  was  20  mm,  the  N2 
ion  lines  dominated  the  spectrum  and  the  N, 
molecule  lines  were  very  weak,  even  though  the 
cell  pressure  was  high. 

Fig.  3  shows  RF  power  dependences  of  the 
excited  nitrogen  spectra  for  a  low  cell  pressure 
(Figs.  3a  and  3b)  and  for  a  high  cell  pressure 
(Figs.  3c  and  3d)  with  a  electrode  distance  of  60 
mm.  The  intensity  ratio  between  the  first  and 
second  positive  bands  of  the  Nj  molecules  was 
found  to  be  almost  independent  of  the  RF  power. 
The  lines  increased  in  intensity  more  rapidly 
than  the  N,  lines  with  increasing  RF  power.  The 
tendency  of  the  increase  of  the  N/  line  intensi¬ 
ties  was  observed  distinctly  for  low  cell  pressures. 

The  effects  of  the  nitrogen  exciter  on  PL  spec¬ 
tra  of  ZnSe  layers  are  shown  in  Fig.  4.  The 
.sample  .shown  in  Fig.  4a  was  grown  under  un¬ 
doped  conditions,  that  is,  nitrogen  gas  was  not 
introduced  into  the  growth  chamber.  Free  and 
residual-donor-bound  exciton  lines  dominate  the 
spectrum.  The  sample  in  Fig.  4b  was  grown  under 
conditions  that  nitrogen  gas  (0.75  NCCM)  was 


Fig.  4.  PL  spectra  of  ZnSe  layers  under  different  doping 
conditions.  Substrate  temperature  is  267°C. 

introduced  in  the  growth  chamber  thrL_c;h  the 
nitrogen  exciter,  but  RF  power  was  not  applied. 
The  PL  spectrum  was  still  dominated  by  the  free 
and  donor-bound  exciton  lines  and  nitrogen  was 
not  introduced  into  the  layer.  The  sample  in  Fig. 
4c  was  grown  under  the  same  conditions  as  Fig. 
4b,  but  50  W  RF  power  was  applied  to  the 
nitrogen  exciter.  The  PL  spectrum  was  domi¬ 
nated  by  a  donor-acceptor  pair  band  with  a 
zero-phonon  line  at  2.690  eV.  An  emission  line  1 , 
due  to  acceptor-bound  excitons  at  2.786  eV  was 
observed  in  the  excitonic  region  of  the  spectrum. 
The  sample  in  Fig.  4c  had  a  net  acceptor  concen¬ 
tration  of  2x10'^  cm'^.  while  the  samples  in 
Figs.  4a  and  4b  were  of  high  resistivities.  These 
results  indicate  that  the  novel  nitrogen  exciter  is 
effective  for  nitrogen  doping  into  ZnSe. 

Fig.  5  shows  net  acceptor  concentrations  in 
nitrogen  doped  ZnSe  layers  as  a  function  of  N. 
gas  flow  rate  for  growth  rates  of  1  and  2  #i.m/h. 
A  series  of  samples  of  2  fim/h  were  grown  with 
Vl/ll  beam  ratio  of  unity,  while  those  of  1  fim/h 
were  grown  with  VI/II  beam  ratio  of  0.6.  When 
the  N,  flow  rate  was  lower  than  0.2  NCCM,  all 
grown  layers  were  of  high  resistivities.  With  in¬ 
creasing  N,  flow  rate,  the  net  acceptor  concen¬ 
tration  increased  up  to  8  x  10'^  cm  '  \  The  doped 
acceptor  concentration  was  found  to  depend  on 
growth  rate  and  Vl/M  beam  ratio.  When  the 
growth  rate  was  decreased,  the  nitrogen  beam 
intensity  relative  to  Zn  and  Se  source  beams 
became  higher  and  the  introduced  acceptor  con¬ 
centration  became  higher.  When  the  VI/11  beam 
ratio  was  low,  nitrogen  was  easy  to  be  introduced 
into  Se  site  of  ZnSe  lattice. 

Fig.  6  shows  the  substrate  temperature  depen¬ 
dence  of  the  net  acceptor  concentrations.  The 
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Fig.  5.  N,  flow  rate  dependence  of  net  acceptor  concentra¬ 
tions  in  ZnSe  layers  for  two  different  growth  rates.  Substrate 
temperature  is  2ft 7°C.  and  RF  power  is  .‘iO  W. 


intensities  of  Zn  and  Se  beams  were  the  same  as 
those  for  the  series  with  the  growth  late  of  2 
/xm/h  in  Fig.  5.  The  growth  rates  were  1. 9-2.2 
Mm/h,  being  almost  independent  of  growth  tem¬ 
perature  in  this  range.  The  N,  flow  rate  was  0.7 
NCCM.  Samples  grown  lower  than  250°C  were  of 
high  resistivities.  However,  the  net  acceptor  con¬ 


centration  increased  from  7  X  10''’  cm"’  to  3  x 
10'^  cm"’  as  the  substrate  temperature  was  in¬ 
creased  from  258  to  302‘’C.  The  dependence  is 
opposite  to  that  expected  from  the  temperature 
dependence  of  the  sticking  coefficient  of  the  ac¬ 
tive  nitrogen  on  ZnSe  surfa  [4,7].  The  PL  spec¬ 
tra  (donor-acceptor  pair  and  acceptor-bound  ex- 
citon  emissions)  were  found  to  become  stronger 
in  intensity  and  sharper  in  line  width  when  the 
substrate  temperature  became  higher.  The  energy 
of  the  donor-acceptor  pair  band  did  not  change, 
while  the  net  acceptor  concentration  increased 
from  7  X  10''’  to  3  X  10'’  cm"  '.  The  energies  of 
donor-acceptor  pair  bands  from  the  samples 
shown  in  Fig.  5,  whose  net  acceptor  concentra¬ 
tions  were  controlled  by  changing  the  N,  flow 
rate,  were  observed  to  become  lower  with  in¬ 
creasing  net  acceptor  concentration.  Therefore, 
we  have  to  ascribe  the  variations  of  net  acceptor 
concentrations  seen  in  Figs.  5  and  6  to  different 
mechanisms.  The  X-ray  diffraction  peaks  from 
the  ZnSe  layers  in  Fig.  6  were  observed  to  in¬ 
crease  in  intensity  and  to  become  narrower  with 
increasing  substrate  temperature.  Therefore,  the 
substrate  temperature  dependence  of  the  net  ac¬ 
ceptor  concentrations  may  be  explained  as  fol¬ 
lows:  when  becomes  higher,  the  crystal  qual¬ 
ity  of  ZnSe  becomes  superior  and  the  density  of 
deep  levels  compensating  the  nitrogen  acceptor 
levels  becomes  lower. 
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Fig.  ft.  .Substrate  temperature  dependence  of  net  acceptor 
concentrations  in  Zn.Se  layers.  Ffg,  ^  (1.7  NCCM,  RF  power  = 
.SO  W.  and  growth  rate  =  1. 9-2.2  titn/h. 


4.  Conclusions 

We  have  developed  a  novel  nitrogen  exciter 
for  p-type  doping  of  ZnSe.  It  is  of  simple  struc¬ 
ture.  easy  to  handle  and  to  maintain,  highly  reli¬ 
able.  and  inexpensive.  The  emission  spectra  from 
the  excited  nitrogen  were  mea.sured  and  the  op¬ 
erating  conditions  of  the  exciter  favorable  for  an 
efficient  nitrogen  doping  have  been  determined. 
That  is,  the  electrode  distance  is  60  mm.  N,  gas 
flow  rate  is  0.7- 1.0  NCCM,  and  RF  power  is  50 
W.  With  these  conditions,  the  first  and  second 
positive  band  f  the  N,  molecules  dominate  the 
emission  spectra.  Net  acceptor  concentrations  as 
high  as  8  X  10”  cm  ’  were  readily  obtained  by 
using  the  novel  nitrogen  exciter. 
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Abstract 

The  elTccl  of  ihc  cataKsis  of  transition  metal  such  its  tungsten  (W)  and  inm  iFe)  on  nitri'gen  doping  into  7.nSe 
sstis  investigated  for  the  first  time.  In  ;i  hot  W  filament,  the  intensity  of  the  donor-aeeeptor  ptiir  II), AP)  emission  in 
the  N-dt'ped  ZnSe  films  using  W  filament  ;tl  a  temperature  of  2()l)irC'  was  slrmiger  than  ihtil  without  healing  of  the 
\V  filament.  In  a  hot  Fe  tube,  neutral  tieeeplor  hound  excitonic  emission  11, )  and  D.AP  emission  were  I'bserxed  in  the 
N-doped  ZnSe  without  hetiting  of  the  Fe  lube,  while  only  D.AP  emission  was  observed  with  healed  Fe  lube  at  .'11(1 
From  these  results,  it  was  found  that  nitrogen  was  effeetivcly  incorporaieil  into  ZnSe  by  the  effect  of  healeil 
trtinsiiion  metal. 


I.  Introduction 

Nitrogen  has  been  consiclered  to  he  the  most 
promising  element  tis  ;i  p-type  doptmt  For  ZnSe. 
hut  the  iow  sticking  eoelTieient  of  N,  made  it 
ililficult  to  incorporate  ;i  large  amount  in  ZnSe. 
Recently,  it  has  been  reported  that  MHL-grown 
low-resistivity  p-type  ZnSe  vvtts  obtained  with  ex¬ 
cited  N,  by  RF  pltismti  (I In  the  plasma 
process,  doping  of  nitrogen  is  tichieved  by  tietive 
nitrogen.  Recent  developments  in  Z.nSe-based 
optictil  devices  gretitly  owe  to  p-type  ZnSe  pre¬ 
pared  with  it  nitrogen  RF  plasmti  source  [4-b]. 

It  is  well  known  thtit  N,  dissocitttes  on  a  heated 
trtinsition  mettil  such  ;is  tungsten  (W).  iron  (Fe). 
and  so  on.  Norites  and  Donaldson  httve  investi¬ 
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gated  the  intertietion  of  nitrogen  with  ;i  hot  tung¬ 
sten  filament  [7].  Fhey  reported  thtit  for  the  tem¬ 
perature  of  the  W  filament  in  the  range  of  2(l.S(l 
to  2.7t)()  K.  the  nitrogen  dissociated  on  the  hot  W 
filament  with  tin  activation  energy  of  4.iS  e\ . 
which  is  hiilf  of  the  dissociation  energy  of  nitro¬ 
gen.  In  iiddition  to  the  heated  tungsten,  it  is  well 
known  that  N.  dissociates  on  Fe  at  a  tenipertiture 
above  .FOtfC.  Fhis  process  is  widely  used  to  pro¬ 
duce  NH;  from  a  fl.  +  N,  gas  mixture.  In  this 
paper,  we  propose  the  use  of  dissociative  ttdsorp- 
tion  of  N,  on  trtinsition  metal  (ctitalytic  retietion) 
as  a  new  nitnvgen  doping  teehnique  withtnit  using 
RF  plasma. 


2.  Experimental  pnicedure 

I'he  ZnSe  films  were  grown  on  semi-insulating 
(HMDCiaAs  by  molecular  beam  epitaxy  (MBIT. 
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Subsirate  8  mW/cm-).  The  crystallinity  was  characterized 

/  by  standard  X-ray  diffraction. 


20  L-m 


Fig.  1.  Schematic  diagram  of  the  inlet  nozzle  of  N  .  gas  with  \V 
filament. 


using  Zn  and  Se  sources  (6N  purity).  The  dopant 
source  is  high  purity  6N  grade  nitrogen  gas.  The 
How  rate  of  N,  gas.  which  was  controlled  by  mass 
flow  controller,  was  varied  in  the  range  of  1  x 
10  ’  to  1  X  lO  "'  Torr.  The  substrate  tempera¬ 
ture  was  .^2()°C  and  the  beam  flu.x  ratio  (VI/II 
ratio)  was  around  .T  The  growth  rate  of  the  film 
was  about  1  nm/h,  and  the  film  thickness  was 
around  4  ^m.  In  these  e,\periments.  we  investi¬ 
gated  the  catalytic  effects  of  tungsten  (W)  and 
iron  (Fe).  Fig.  1  shows  a  schematic  diagram  of  the 
inlet  nozzles  of  N;  with  W  filament.  The  W 
filament  (‘)9.‘)8'~r  purity.  0.3  mm  diameter  and 
appro.ximately  8  mm  long)  was  attached  to  the 
outlet  of  the  nozzle  of  N..  The  distance  from  the 
nozzle  to  the  filament  was  about  5  cm.  and  the 
distance  between  the  filament  and  the  substrate 
was  about  20  cm.  The  filament  was  heated  at 
2(MH)°C.  which  was  measured  with  a  pyrometer. 
The  Fe  tube  (ON  purity)  was  approximately  8  mm 
in  diameter  and  10  cm  long.  The  Fe  tube  was 
attached  to  a  quartz  tube  to  avoid  heating  the 
stainless  steel  nozzle,  and  the  distance  between 
Fe  tube  and  substrate  was  about  20  cm.  The  tube 
was  heated  at  .4(K)‘’C.  Those  systems  arc  very 
simple  compared  with  RF  plasma  cell. 

rhe  photoluminescence  (PL)  spectra  were 
measured  at  4.2  K  using  a  FIc-Cd  laser  (.425  nm. 


3.  Results  and  discussion 

First,  we  investigated  the  effect  of  the  hot  W 
filament  for  nitrogen  doping  into  ZnSe.  In  the 
preliminary  experiment.s,  we  confirmed  that  no 
difference  of  PL  spectra  and  X-ray  diffraction 
patterns  of  undoped  ZnSe  films  with  and  without 
heating  of  the  W  filament  was  observed,  which 
suggests  that  heating  the  W  filament  does  not 
degrade  the  crystallinity  of  the  ZnSe  films.  Fig.  2 
shows  PL  spectra  of  N-doped  ZnSe  for  N;  flow 
rate  of  1  X  10"'*  Torr  with  and  without  heating  of 
the  W  filament.  Detailed  spectra  in  the  excitonic 
and  donor-acceptor  pair  (DAP)  emission  region 
arc  shown  in  the  inset.  These  spectra  show  neu¬ 
tral  acceptor  bound  excitonic  emission  (1,)  at 
2.794  eV  and  well-resolved  DAP  emission.  Mat- 
sumoto  et  al.  reported  on  nitrogen  doping  into 
ZnSe  with  thermally  excited  N,  by  cracking  cell 
with  tantalum  baffles,  but  the  effect  of  the  heated 
tantalum  was  not  observed  in  PL  spectra  [8]. 
However,  as  indicated  in  Fig.  2.  the  intensity  of 


Wavelength  (nm) 

Fiji.  2.  Phololiimini'sccncc  spectra  of  N-doped  ZnSe  with  and 
without  heating  the  W  filament. 
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the  donor-acceptor  pair  (DAP)  emission  in  the 
N-doped  ZnSe  films  using  W  filament  at  a  tem¬ 
perature  of  20()0°C  is  stronger  than  that  at  room 
temperature.  The  deep  level  emission  is  very  weak 
in  both  samples  and  no  difference  of  X-ray 
diffraction  patterns  of  N-doped  ZnSe  with  and 
without  heating  of  the  W  filament  was  observed. 
Furthermore,  we  investigated  the  dependence  of 
the  flow  rate  of  N,.  Fig.  3  shows  PL  spectra  of 
N-doped  ZnSe  films  with  and  without  heating  of 
the  W  filament  for  various  flow  rates  of  N,.  With 
increasing  nitrogen  flow  rate,  the  intensity  of  the 
DAP  emission  increases.  This  indicates  that  the 
concentration  of  nitrogen  incorporated  into  ZnSe 
increa.ses  with  increa.sing  N,  flow  rate.  Besides,  in 
any  case,  the  intensity  of  DAP  emission  with  W 
filament  heating  at  2000°C  is  stronger  than  that 
without  heating.  From  these  result.s,  we  con.sider 
that  nitrogen  is  effectively  incorporated  into  ZnSe 
by  using  high-temperature  W  filament.  Flowever, 
the  energy  of  the  zero-phonon  DAP  emission  is 
2.692  eV.  This  value  is  higher  than  that  in  the 
N-doped  ZnSe  grown  by  MBE  with  the  excited 
N,  by  RF  plasma  [1-3],  and  similar  to  that  by 
MOVPE  [9].  Qiu  et  al.  reported  that  the  zero- 
phonon  DAP  emission  energy  for  the  lightly 
doped  ([N]  <  6.0  X  10'’  cm"  ')  ZnSe  was  2.6975 
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Fig.  Dependence  of  ihe  PL  spccira  on  the  flow  rale  of  Ns 
ga.s  with  and  withemt  healing  the  W  filament. 
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Fig.  4.  Phoioluminci'ccnce  spectra  of  N-doped  ZnSe  with  and 
without  heating  the  Fe  lube. 


eV  [3].  Therefore,  it  is  considered  that  the  con¬ 
centration  of  the  nitrogen  in  the  obtained  ZnSe 
films  is  low.  We  confirmed  that  all  samples 
showed  high  resistivities. 

In  addition  to  the  heated  W  filament,  we  in¬ 
vestigated  the  effect  of  the  heated  Fe  on  nitrogen 
doping  into  ZnSe.  Fig.  4  shows  PL  spectra  of 
N-doped  ZnSe  films  with  and  without  heating  of 
the  Fe  tube.  Detailed  spectra  in  the  excitonic  and 
DAP  emission  region  are  shown  in  the  inset. 
Without  heating  of  the  Fe  tube.  1,  and  well-re¬ 
solved  DAP  emission  arc  observed.  On  the  other 
hand,  1,  emission  disappeared  and  only  DAP 
cmi.ssion  is  ob.served  with  the  Fe  tube  heated  at 
3(X)°C.  although  the  intensity  of  DAP  emission 
decreases.  The  deep-level  emissions  are  not  ob¬ 
served  in  both  spectra.  Furthermore,  we  con¬ 
firmed  that  there  was  no  difference  of  X-ray 
diffraction  patterns  of  N-doped  ZnSe  with  and 
without  heating  of  the  Fe  tube.  These  results 
suggested  that  heating  the  Fe  tube  does  not  de¬ 
grade  the  crystallinity  of  the  ZnSe  films.  Refer¬ 
ring  to  the  results  of  Qiu  et  al.,  1,  emission 
disappeared  in  the  PL  spectra  of  the  highly  doped 
ZnSe  films  [3].  Therefore,  we  concluded  that 
nitrogen  was  effectively  incorporated  into  ZnSe 
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by  the  effect  of  heated  Fe  tube  as  well  as  high 
temperature  W  filament.  However,  the  zero-pho¬ 
non  DAP  energy  is  2.692  eV,  which  is  similar  to 
that  for  MOVPE,  and  we  could  not  confirm  the 
p-type  conduction  of  the  ZnSe  film  shown  in  Fig. 

4.  Further  optimization  of  the  catalytic  cells  is 
required. 


4.  Conclusions 

We  investigated  the  effect  of  the  catalysis  of 
transition  metal  such  as  tungsten  (W)  and  iron 
(Fe)  on  nitrogen  doping  into  ZnSe  for  the  first 
time.  In  a  hot  W  filament,  the  donor-acceptor 
pair  (DAP)  emission  in  the  N-doped  ZnSe  films 
using  the  W  filament  at  the  temperature  of  2000°C 
was  stronger  than  that  without  heating  of  the  W 
filament.  In  a  hot  Fe  tube,  1,  and  DAP  emission 
were  observed  in  the  N-doped  ZnSe  without 
heating  of  the  Fe  tube,  while  only  DAP  emission 
was  observed  with  heated  Fe  tube  at  300°C.  From 
these  results,  it  was  found  that  nitrogen  was  ef¬ 
fectively  incorporated  into  ZnSe  by  the  effect  of 
heated  transition  metal.  However,  we  could  not 
confirm  the  p-type  conduction  of  the  obtained 
ZnSe  films. 
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Abstract 

In  this  work  wc  report  on  the  growth  and  doping  of  ZnTe  and  ZnSe  layers  with  metalorganic  vapour  phase 
epitaxy  (MOVPE).  Low  restistive  p-type  ZnTe  was  grown  by  doping  with  arsenic  and  phosphorus.  Acceptor 
concentrations  of  up  to  3.5  x  10'’  cm  ’  were  achieved  in  the  case  of  phosphorus-doped  samples.  For  the  first  time 
nitrogen  acceptors  in  ZnTe  were  investigated  with  photoluminescence  at  various  temperatures  and  under  resonant 
conditions.  ZnSe  layers  were  grown  with  DTBSc  and  DMZnTEN.  The  crystalline  quality  was  investigated  by  high 
resolution  X-ray  diffraction.  The  halfwidths  (150-5(X)  arc  sec)  depend  on  the  degree  of  relaxation  and  therefore  on 
the  layer  thickness.  Undoped  ZnSe  layers  show  at  2  K  a  strong  recombination  of  free  and  bound  cxcitons  and  a  weak 
donor-acceptor  pair  luminescence. 


1.  Introduction 

The  commercial  production  of  III/V  light 
emitting  diodes  (LEDs)  and  laser  structures  by 
MOVPE  has  made  this  well  controllable  and  high 
efficient  process  a  preferable  basic  technology  for 
optoelectronic  devices.  During  the  last  years  sev¬ 
eral  groups  have  shown  that  this  technique  can 
also  be  adapted  to  grow  epilayers  of  wide  band 
gap  II/Vl  semiconductors  [Ij.  However,  the 
problems  of  high  p-type  doping  of  ZnSe  and 
n-type  doping  of  ZnTe  have  not  been  solved. 
Therefore  it  seems  to  be  necessary  to  develop 
new  precursors  in  order  to  reduce  the  growth 
temperature  and  to  avoid  prereactions  [2,3],  This 
search  of  new  precursors  should  also  be  aimed  at 
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reducing  their  toxicity  and  decreasing  the  envi¬ 
ronmental  hazard.  In  the  present  work  we  use 
di-tertiarybutylselenide  (DTBSe)  and  diisopropyl- 
telluride  (DiPTe)  to  grow  ZnSe  and  ZnTe  epilay¬ 
ers  at  a  growth  temperature  of  340°C.  Thus  the 
growth  of  low-resistivity  p-type  ZnTe  layers  has 
been  achieved  by  doping  with  P  and  As. 


2.  Experiments 

All  investigated  epilayers  were  synthesized  in 
our  laboratory  by  atmospheric  pressure  metalor¬ 
ganic  vapour  phase  epitaxy  (MOVPE).  An  Aix- 
tron  AIX2()0  facility  was  used,  equipped  with  a 
horizontal  reactor.  GaAs  (001)  served  as  sub¬ 
strate  material.  The  substrates  were  prepared  in 
a  standard  degrease,  etched  for  I  min  in  concen¬ 
trated  H2SO4  and  finally  preheated  for  15  min  at 
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400°C  prior  to  layer  growth  in  the  reactor. 
Dimethylzinc-triethylamine  (DMZn-TEN),  di- 
isopropyltelluride  (DiPTe)  and  di-tertiary-butyl- 
selenide  (DTBSe)  served  as  metalorganic  precur¬ 
sors.  The  Hi  carrier  gas  flow  was  set  to  7  SLM, 
which  results  in  a  flow  velocity  of  5  ctn/s.  A  flow 
of  29  ja  mol/ min  of  the  zinc  source  gave  a  growth 
rate  of  1  /xm/h  at  an  input  flow  ratio  of  VI/H  =  2 
for  ZnTe  and  VI/Il  =  3  for  ZnSe  at  340°C.  For 
p-doping  experiments  we  applied  the  compounds 
tertiary-butylamine  (TBN),  tertiary-butylphos- 
phine  (TBP)  as  well  as  tertiary-butylarsine 
(TBAs).  The  input  flow  of  Zn,  Te  and  Se  were 
kept  constant  during  doping  experiments.  The 
structural  quality  of  the  epitaxial  layers  was  inves¬ 
tigated  with  a  high  resolution  X-ray  diffractome¬ 
ter  (HRXRD)  and  the  thicknesses  were  deter¬ 
mined  from  interference  patterns  and  from  ellip- 
sometric  measurements. 

Strain-free  ZnTe  layers  were  prepared  after 
removing  the  GaAs  substrate  by  chemical  polish¬ 
ing  and  successive  chemical  etching.  Photolumes- 
cence  measurements  were  performed  at  2  K  in  a 
liquid  helium  bath  cryostat.  In  the  temperature 
range  5-295  K  a  variable  temperature  cryostat 
was  used.  PL  in  the  ZnTe  and  ZnSe  layers  was 
excited  with  the  458  nm  line  and  the  UV  lines, 
respectively,  of  an  argon-ion  laser.  The  lumines¬ 
cence  spectra  were  analysed  with  a  I  m  double 
monochromator  equipped  with  two  gratings  of 
18(K)  lines  per  mm.  The  detector  was  a  photomul¬ 
tiplier  with  a  cooled  GaAs  cathode.  For  the  ZnTe 
.samples,  a  CW  dye  laser  was  operated  with 
Coumarin  510  and  pumped  with  the  458  fzm  line 
of  a  20  W  argon-ion  laser  which  allows  a  continu¬ 
ous  variation  of  the  excitation  wavelength  se¬ 
lected  by  a  birefringent  filter.  Resonant  measure¬ 
ments  on  ZnSe  layers  were  performed  with  Stil- 
ben  3  pumped  by  the  UV  lines  of  a  20  W  argon 
ion  la.ser. 

Carrier  concentrations  were  determined  from 
temperature-dependent  Hall  measurements  using 
the  Van  der  Pauw  configuration.  The  Hall  equip¬ 
ment  was  equipped  with  a  Keithlcy  Hall  package 
and  a  1  T  magnet.  The  samples  were  prepared 
with  four  contacts  of  500  /nm  diameter  deposited 
at  the  corners  of  the  samples.  Antimony  was  used 
for  electrical  contacts  on  p-doped  ZnTe  samples. 


3.  Results  for  ZnTe 

The  near  band  gap  PL  of  ZnTe  layers  shows  a 
strong  free-exciton  peak  split  into  a  heavy-  and  a 
light-hole  component  (X^  and  X,).  This  strain 
splitting  is  caused  by  a  different  thermal  expan¬ 
sion  of  substrate  and  layer.  The  binding  energy  of 
the  free  exciton  is  12.9  meV  [4].  The  donor  bound 
exciton  peak  (Ij)  covers  the  X,  peak  leaving  the 
transitions  unresolved.  The  I,  peak  is  related  to 
excitons  bound  to  neutral  acceptors  (Fig.  1 ).  The 
donor  and  acceptor  atoms  were  investigated  with 
resonant  luminescence  measurements:  two-elec¬ 
tron  transition  (TET),  two-hole  transition  (THT) 
and  selective  pair  luminescence  (SPL).  The 
donors  were  identified  as  Ga  [4]  and  the  accep¬ 
tors  as  As  [4,5].  Therefore  we  suggest  that  donors 
and  acceptors  diffuse  from  the  GaAs  substrate 
into  the  ZnTe  layer  during  growth.  The  intensity 
of  the  peak  assigned  with  I,j,  which  appears  in 
undoped  ZnTe/GaAs  layers,  depends  on  the 


Energy  (eV) 

2,38  236  2.34  2.32  2.30  2,28  2.26 


Fig.  I.  Luminescence  spectra  of  an  undoped  and  N-,  P-  and 
As-doped  ZnTe/GaAs  layer  (2  K). 
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growth  conditions  and  has  not  been  clearly  iden¬ 
tified  until  now. 

In  ZnTe/GaAs  samples  doped  with  As,  P  and 
N,  a  strong  bound  exciton  luminescence  I,  at 
approximately  2.370  eV  is  observed.  Further¬ 
more,  these  spectra  show  an  additional  strong 
donor-acceptor  pair  (DAP)  luminescence  at 
2.305,  2.315  and  2.325  eV,  respectively  (fig.  1). 
The  exact  energetic  positions  depend  on  the  dis¬ 
tance  r  between  donors  and  acceptors  via  the 
Coulomb  energy  term 

£'dap  =  £^gap  -  -  S'a  +  ^  V47r€„£s,r. 

Nitrogen  acceptors  in  ZnTe  were  investigated 
by  resonant  and  temperature  dependent  PL.  The 
binding  energy  of  the  ground  state  was  deter¬ 
mined  from  the  energetic  difference  between  the 
bound  and  free  exciton  PL  and  the  free-to-bound 
transition  (eA),  whose  PL  appears  when  the  tem¬ 
perature  is  raised  above  10  K.  A  binding  energy 
of  53  ±  1  meV  for  nitrogen  acceptors  is  derived 
from  various  PL  measurements  (Fig.  2).  Excited 
acceptor  states  were  investigated  by  resonant 
photoluminescence  methods,  i.e.,  THT  and  SPL. 
The  insert  of  Fig.  2  presents  curves  of  lumi- 
nescene  intensity  for  different  excitation  energies. 
The  spectra  are  plotted  versus  the  energy  differ¬ 
ence  of  excitation  and  luminescence.  The  symbols 
of  the  acceptor  states  are  those  used  by 
Baldcreschi  and  Lipari  [6].  The  experiments  were 
carried  out  on  free-standing  strain-free  ZnTe  lay¬ 
ers  in  order  to  avoid  strain-dependent  effects. 
The  corresponding  binding  energies  derived  from 
MOVPE-grown  ZnTe  layers  are  summarized  in 
Tables  1  and  2.  The  results  of  resonant  PL  mea¬ 
surements  for  As  and  P  acceptors  were  published 
elsewere  [4,7]. 

Temperature  dependent  PL  measurements 
were  also  carried  out  for  ZnTe :  P.  The  binding 
energy  of  the  ground  state  was  found  to  be  62  ±  1 
meV  (Fig.  3)  and  was  determined  in  the  same 
way  as  for  ZnTe :  N.  The  details  of  resonant  PL 
measurements  on  ZnTe :  P  layers  were  published 
elsewere  [7].  In  this  paper,  the  ionization  energy 
the  donor  concentration  and  the  accep¬ 
tor  concentration  N,^  of  ZnTe ;  P  layers  were  in¬ 
vestigated  by  Hall  measurements.  The  relevant 
parameters  were  derived  from  a  fit  of  the  experi- 


Rnergy  (eV) 


2.3B  236  234  2  32  2  30  2  28 


Fig.  2.  Lumine.scence  spectra  of  a  N-doped  ZnTe/GaAs  layer 
at  temperatures  of  2  and  of  .SO  K.  Insert:  Spectra  of  selective- 
pair  luminescence  and  two-hole  transitions  of  a  strain  free 
nitrogen  doped  layer.  The  spectra  are  plotted  versus  the 
difference  of  the  excitation  and  luminescence  energy. 

mental  data  to  a  relation  which  is  valid  for  a 
single  monovalent  impurity 

A,  /  SEA  p(p^N^) 


Table  I 

Binding  energies  of  the  ground  state  and  of  excited  states  for 
nitrogen  acceptors  in  ZnTe 


States  of  nitrogen 

Energy  (meV) 

is,,> 

5.4.0 

22  2 

18.2 

2P,,,(/;) 

14.,4 

2Ps,2U\) 

ll.h 
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Table  2 

Binding  energies  of  the  ground  state  of  various  acceptors  in 
ZnTe 


Acceptor 

Energy  (meV) 

N 

5.4.0 

P 

62.0 

As  [11 

76.5 

Other  parameters  used  are  wJl"  =0.56  [4J  and 
the  degeneracy  factor  /3  =  4.  Fig.  3  shows  the 
decrease  of  ionization  energy  with  the  third  root 
of  the  donor  concentration  Nj.  The  ionization 
energy  for  ZnTe ;  P  follows  the  rule  [8]; 

£u(  A/j)  =  0.064  eV  -  4.8  X  10""  eV  cm  x 

The  value  for  Nj 0  is  in  good  agreement  with 
results  of  the  temperature-dependent  lumines¬ 
cence  measurements.  The  curves  of  temperature- 
dependent  Hall  mobilities  of  ZnTerP  are 
shown  in  Fig.  4.  At  room  temperature  is  not 
influenced  by  the  doping  level  and  the  scattering 
mechanism  is  dominated  by  polar  optical  phonon 


0  01  02  03  04  05 


N,'  xlO-lcm'J 

Fig.  .1.  loni/ation  energy  of  P-doped  sample.s  versus  donor 
concentration  .Vj,  Insert:  Temperature-dependent  lumines¬ 
cence  of  a  P-doped  ZnTe/CiaAs  sample  prepared  as  a 
strain-free  layer. 


Temperature  |K) 

Fig.  4.  Hall  mobility  of  P-doped  ZnTe  samples  doped  at 
different  input  ratios  [Pl/lTe]  versus  temperature.  Insert: 
Free  hole  concentration  (.V, -  versus  the  input  ratio 
lP)/lTe)  ratio  at  rtxrm  temperature. 


scattering,  whereas  at  low  temperatures  the  Hall 
mobility  is  limited  by  scattering  at  ionized  impuri- 
tic.s.  The  insert  of  Fig.  4  shows  the  doping  level  at 
rtxtm  temperature  versus  the  [Pl/lTc]  ratio  of  the 
mctalorganic  compaiunds.  At  values  [P]/[Te]  >  3, 
saturation  of  solubility  occurs.  The  compensation 
ratio  /Vj/A,  was  typieally  0.1. 

A.s-doped  samples  show  for  [As]/[Te]  >  0.25  a 
specific  rcsitivity  p  <  1.0  il  cm.  At  ratios 
(N]/[Te]  <  1  for  N  doped  samples,  no  change  of 
the  resistivity  compared  to  undoped  ZnTe  (p  > 
lO"  12  cm)  was  observed. 


4,  Results  for  ZnSe 

DTBSe  is  a  suitable  precursor  for  the  growth 
of  ZnSe  at  temperatures  below  4(K)°C.  An  appro¬ 
priate  vapour  pressure  of  the  precursor  appears 
in  the  range  of  283  <T  <  323  K; 

log(  p[Pa])  =  16.56-  4291 /T. 
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Growth  experiments  were  performed  in  the  tem¬ 
perature  range  of  300  to  400°C.  A  growth  rate  of 
1.0  /xm  was  obtained  with  a  zinc  input  flow  of  29 
^tmol/min  and  a  ratio  [Se]/[Zn]  =  3.  For  temper¬ 
atures  of  320  <T  <  380°C,  the  growth  rate  re¬ 
mains  constant  (see  Fig.  5a).  The  growth  rate 
increases  with  the  input  flow  ratio  and  remains 
constant  with  [Se]/[Zn]  >  1  (Fig.  5b). 

Rocking  curves  were  recorded  for  ZnSe  layers 
of  different  thicknesses  in  order  to  investigate  the 
crystalline  quality  and  the  relaxation  processes  of 
the  samples.  The  lattice  mismatch  between  GaAs 
and  ZnSe  is  -0.27%.  It  causes  a  strain  in  the 
layer  which  is  relaxed  by  the  nucleation  of  misfit 
dislocations  during  growth  within  a  thickness  of 
about  1  /xm.  A  small  residual  strain  of  -1-0.04%  is 
found  for  layers  thicker  than  2  ^m,  which  is  due 
to  different  thermal  expansions  between  sub- 


Fig.  6.  FWHM  values  of  riKking  curves  (O)  and  strain  (  v  )  of 
ZnSe /GaAs  layers  of  various  thicknesses. 
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Fig.  .5.  Growth  rate  of  ZnSe  at  different  temperatures  and 
Vl/ll  flow,  (a)  Growth  rate  versus  temperature.  The  ZnSe 
samples  were  grown  at  a  flow  of  DMZn-TEN  and  DTBSe  of 
29  and  87  ;imol/min.  respectively,  (b)  Growth  rate  of  ZnSe 
versus  input  ratio  (Sel/lZn). 
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strate  and  layer  material.  The  halfwidth  of  the 
rocking  curves  depends  on  the  density  of  disloca¬ 
tions  and  therefore  on  the  degree  of  relaxation. 
Fig.  6  shows  the  full  width  at  half  maximum 
(FWFIM)  values  of  rocking  curves  and  the  strain 
as  a  function  of  the  thickness  for  the  growth 
conditions  mentioned  above. 

A  photoluminescence  (PL)  measurement  of  a 
1  /cm  ZnSe  sample  grown  at  340°C  with  an  input 
flow  ratio  of  [Se]/[Zn]  =  3  is  presented  in  Fig.  7. 
The  .spectra  are  dominated  by  a  free  (X:  2.8(H) 
eV)  and  strong  donor  bound  exciton  lumines¬ 
cence  (I,:  2.795  eV).  In  the  energy  region  be¬ 
tween  2.75  and  2.65  eV.  a  weak  PL  of  donor- 
acceptor  pair  (DAP)  recombinations  and  their 
LO  replicas  are  found.  The  signal  at  2.6  eV 
corresponds  to  the  well-known  Y-line  in  ZnSe. 
The  weak  luminescence  below  2.5  eV  confirms 
the  high  quality  of  the  sample.  For  a  layer  thick¬ 
ness  of  more  than  1  /xm.  also  an  acceptor  bound 
exciton  (1,:  2.792  eV)  is  observed.  A  respective 
peak  is  found  at  the  same  energy  in  arsenic 
doped  samples.  Obviously  impurity  atoms  diffuse 
from  the  substrate  into  the  layer,  a  process  which 
is  facilitated  by  misfit  diskKations  formed  in  ZnSe 
in  order  to  relax  the  lattice  mismatch  between 
GaAs  and  ZnSe  as  mentioned  above.  Addition¬ 
ally  to  cxcitonic  recombinations,  LO  replicas  and 
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Fig.  7,  Luminescence  spectrum  of  a  I  rxm  thick  ZnSe/GaAs 
sample  (2  K).  Insert:  PL  of  the  excitonic  region  of  an  undoped 
1  Mm  and  2  ^m  thick  ZnSe/GaAs  sample  and  of  an  As-doped 
layer. 

the  well-known  Y-line,  two  emission  bands  at 
2.715  and  2.685  cV  were  observed.  Similar  peaks 
were  found  in  MBE  grown  ZnSe  by  Shibli  et  al. 
[9]  and  assigned  as  DAP  recombinations.  There¬ 
fore  we  suppo.se  that  As  atoms,  which  diffu.se 
from  the  substrate  and  a  second  acceptor,  are 
incorporated  in  these  undoped  layers. 

Donors  were  investigated  with  resonant  PL 
measurements  (TET).  An  energy  difference  of 
E^  -  E,  =  19.5  meV  is  observed  (hydrogen  model 
for  donors).  This  value  is  in  good  agreement  with 
investigations  on  chlorine  donors  in  ZnSe  as  de¬ 
scribed  in  ref.  [9].  We  suggest  that  Cl  donors  are 
incorporated  by  one  of  the  metalorganic  sources. 


5.  Conclusion 

MOVPE  grown  ZnTe  layers  were  successfully 
doped  with  the  acceptors  N,  P  and  As.  The 
energies  of  the  acceptor  ground  states  were  de¬ 
termined  from  temperature-dependent  photolu- 
mincsccnce  measurements.  Excited  acceptor 


states  were  investigated  with  resonant  PL  meth¬ 
ods.  The  determination  of  the  ionization  energy 
of  phosphorus  acceptors  through  temperature-de¬ 
pendent  Hall  measurements  is  in  good  agreement 
with  the  value  of  the  PL  measurement  (62  meV). 
Using  TBP  as  a  dopant,  a  free  hole  concentration 
of  3  X  10'^  cm“'’  can  be  achieved. 

MOVPE  ZnSe  was  grown  with  DTBSe  and 
DMZnTEN.  The  growth  rate  was  found  to  be  1 
jum/h  in  the  temperature  range  of  320  to  380°C 
at  an  input  flow  ratio  [Se]/[Zn]  =  3  at  a  flow  of 
29  /Ltmol/min  of  DMZnTEN.  The  FWHM  values 
of  rocking  curves  ( <  500  arc  sec)  depend  on  the 
degree  of  strain  relaxation.  In  PL  measurements, 
a  strong  free  and  donor  bound  excitonic  recombi¬ 
nation  was  observed.  A  very  weak  PL  signal  at 
energies  smaller  than  2.5  eV  and  the  small 
halfwidth  of  rocking  curves  ((004)  reflection)  con¬ 
firm  the  high  quality  of  the  samples. 
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Abstract 

The  combination  of  diisopropylseicnide  (DIPSe)  and  dicihylzinc  (DEZn)  was  used  to  grow  ZnSe  by  metalorganie 
vapour  phase  epitaxy  (MOVPE).  The  results  arc  compared  with  those  obtained  from  samples  grown  with  diethylse- 
Icnide  (DESe)  and  DEZn.  Furthermore,  we  analysed  the  influence  of  plasma  stimulation  of  DIPSe  and  DESe.  as 
well  as  plasma  enhanced  nitrogen  doping.  Plasma  stimulated  growth  with  DESe  at  480°C  results  in  ZnSe  which 
shows  resolved  free  and  bound  excitons  and  negligible  deep  centre  emissions  in  1 1  K  PL  spectra.  By  using  DIPSe 
without  plasma  stimulation,  the  kinetically  controlled  growth  regime  was  found  in  the  temperature  range  from  .380  to 
48()°C.  In  PL  only  broad  distributed  emissions  from  2.4  to  2.78  cV  were  observed,  arising  from  impurities  in  the  Se 
precursor.  With  plasma  enhancement  the  diffusion  controlled  growth  regime  was  extended  down  to  .3.3()°C.  In  the  PL 
spectra,  cxeitonic  emissions  were  found  beside  the  emission  band  (2.4-2.78  eV).  Deep  centre  emission  (2.0  eV) 
appeared  only  for  Ti,  <  .36()°C.  Doping  experiments  were  carried  out  by  using  plasma  prccracking  of  the  Se 
precursor  and  simultaneously  stimulating  nitrogen  dopant  gas  in  a  plasma.  The  donor-acceptor  pair  (DAP)  emission 
of  the  doped  layers  increases  for  decreasing  growth  temperatures  (440  to  .36()°C).  if  DIPSe  and  DEZn  arc  used  as 
precursors.  Increasing  the  N,  flux  causes  an  incrca.sing  nitrogen  concentration.  Samples  grown  in  N,  carrier  gas  at 
380'’C  show  a  maximum  mcasuicd  nitrogen  concentration  of  1.7  X  !()"*  cm  '.  The  layers  were  highly  compensated, 
due  to  the  impurities  in  the  Se  precursor  and  to  additional  hydrogen  and  carbon  incorporation. 


1.  Introduction 

For  the  production  of  optoelectronic  devices, 
which  work  on  the  basis  of  ZnSe,  the  control  of 
n-  and  p-type  conductivity  is  ncces.sary.  Many 
attempts  to  grow  p-type  ZnSe  failed  [1],  p-type 
conducting  ZnSe  with  a  free  carrier  concentra¬ 
tion  above  1  x  10'”  cm  '  was  demonstrated  with 
moleeular  beam  epitaxy  (MBE)  [2],  However,  the 
physical  mechanism  of  p-type  conduction  is  not 
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clear  yet.  For  the  doping  plasma  activated  nitro¬ 
gen  was  used.  It  is  difficult  to  use  elements  other 
than  nitrogen  for  p-type  doping,  due  to  several 
reasons:  One  problem  is  the  limited  solubility  of 
these  elements  in  ZnSe  [.3];  another  problem  is 
the  compensation.  Lithium  shows  an  amphoteric 
behaviour,  since  interstitial  lithium  acts  as  a  donor 
and  compensates  the  free  holes  generated  by 
lithium  on  zine  sites  [4],  The  group  V  elements 
arsenic  and  phosphorus  create  deep  centres.  A 
theoretical  model  propiosed  by  Chadi  and  Chang 
explains  the  eompensation  mechanism  [5].  This 
theory  predicts  a  reduced  existence  of  deep  cen¬ 
tres  with  increasing  electronegativity  of  the  dop- 
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ing  element.  Therefore  nitrogen  is  the  most  use¬ 
ful  candidate  to  achieve  p-type  conduction.  Until 
now,  attempts  to  achieve  p-type  doping  with  other 
growth  methods  than  MBE  result  in  highly  res!..- 
tive  samples  or  the  carrier  concentration  was  very 
low  [6,7].  In  MOVPE,  NH  ,  was  used  as  a  doping 
gas  for  these  attempts  [6,7].  Due  to  the  successful 
doping  in  MBE  technology  it  should  be  useful  to 
grow  ZnSe :  N  at  low  temperatures  and  to  use 
plasma  stimulated  nitrogen  as  well  for  doping  in 
MOVPE  to  obtain  highly  conductive  p-type  ZnSe. 
The  growth  of  ZnSe  with  the  combination  of 
DEZn  and  DESe  requires  a  deposition  tempera¬ 
ture  of  at  least  480°C  [8];  therefore  this  combina¬ 
tion  does  not  seem  to  be  useful  for  successful 
doping  experiments.  Because  DEZn  is  decom¬ 
posed  at  300°C  [9],  we  investigated  the  growth 
with  and  without  plasma-cracked  DlPSe  and 
DEZn.  The  combination  of  diallylselenide  and 
DEZn,  investigated  earlier  [10,11]  is  not  useful  in 
reducing  the  growth  temperature.  For  compari¬ 
son  we  grew  samples  with  the  well  known  precur¬ 
sor  combination  DESe  and  DEZn. 


2.  Experimental  procedure 

The  ZnSe  layers  were  grown  in  a  horizontal 
MOVPE  reactor.  The  plasma  precracking  was 
carried  out  by  a  DC  plasma  source  10  cm  in  front 
of  the  susceptor  as  reported  earlier  [11].  As  sub¬ 
strate  we  used  (KKl)  GaAs,  which  was  2°  misori- 
ented  towards  the  nearest  <110)  direction.  The 
substrates  were  annealed  for  one  minute  at  600°C 
in  a  hydrogen  atmosphere.  DEZn,  DESe  and 
DlPSe,  which  is  contaminated  with  Zn,  As,  Sn,  B, 
Sr  and  Te  [12],  were  used  as  precursors.  The 
vapour  pressure  of  DlPSe  ((C,H7)2Se)  was  mea¬ 
sured  and  follows  the  expression:  log(p/hPa)  = 
8.56-  2193.1  K/T.  Thus,  at  a  bubbler  tempera¬ 
ture  of  17°C  the  material  yields  a  vapour  pressure 
of  9.9  hPa,  which  is  adequate  for  MOVPE.  For 
the  experiments,  the  Se  partial  pressure  was  set 
to  2.84  Pa  and  the  VI/II  ratio  was  varied  from 
0.2  to  12.3.  We  grew  the  layers  using  a  total  flux 
of  1.5  SLM  of  Hj.  The  total  pressure  was  100 
hPa  in  the  experiments  without  plasma  enhance¬ 
ment  and  20  hPa  in  experiments  with  plasma 


4IV 

precracking  of  the  Se  precursor.  The  plasma 
power  was  approximately  6  W.  For  the  doping 
experiments,  an  additional  nitrogen  flux  of  0.120 
SLM  was  activated  in  a  DC  plasma  with  a  power 
of  5.6  W.  For  comparison,  layers  were  grown 
using  DESe  and  DEZn  under  the  same  condi¬ 
tions.  The  epilayers  were  characterized  by  photo¬ 
luminescence  (PL)  at  1 1  K,  scanning  electron-mi¬ 
croscopy  (SEM),  Hall  and  SIMS  measurements. 
SIMS  measurements  were  carried  out  with  5.5 
keV  07  and  Cs^  primary  ion  beams.  The  detec¬ 
tion  limit  was  1  X  10'^  for  nitrogen,  4x  10'^  for 
hydrogen  and  3  X  10''’  atoms  cm^  ’  for  carbon.  A 
helium-cadmium  laser  (325  nm)  and  a  1  m 
monochromator  with  a  GaAs  photomultiplier 
were  used  for  the  PL  measurements.  The  samples 
were  irradiated  with  a  low  excitation  power 
(0.01-0.5  W  cm'-). 


3.  Growth  of  ZnSe  without  plasma 

In  Fig.  1.  the  dependence  of  ZnSe  growth  rate 
obtained  with  different  Se  precursors  on  recipro¬ 
cal  temperature  is  shown.  At  a  total  pressure  of 
100  hPa  and  a  Vl/Il  ratio  of  2.1  (T^y  =  480°C). 
we  measure  a  growth  rate  of  0.48  /xm/h  by  using 
DESe  and  DEZn  as  precursors.  Below  a  deposi¬ 
tion  temperature  of  480°C,  we  found  the  kineti- 
cally  controlled  growth  regime.  Decreasing  the 


DEZn/DASe 

30  nP*.  S«  plasma 
VVI’*2  2 


a> 

£ 

5 

O 


^ . r 


12  13  14  IS 


DEZn/DIPSe 

2D  DP*.  Sa  piawna 
VV't-2> 

100  M>a 
VU1H  123 


DEZrVDES© 

2DhPa.SapiMrM 

vyiHzi 

lOOhPa 

W»»21 


Inverse  temperature  [1000/K] 


Fig.  I.  Growth  rate  of  ZnSc  grown  with  different  precursor 
ctimbinalions:  DESe.  DASe  (diallylselenide).  DlPSe  with 
DEZn.  The  filled  symbols  are  results  of  growth  without  plasma 
enhancement  and  the  open  symbols  are  results  of  plasma 
enhanced  growth. 
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energy  [eV] 

Fig.  2.  1 1  K  PL  spectra  of  layers  grown  with  DIPSe  and  DEZn 
(P„  =  1 1  hPa,  Vl/ll  =  12..^.  without  plasma  enhancement)  in 
dependence  of  growth  temperature. 


growth  temperature  below  48()°C  causes  a  reduc¬ 
tion  of  the  PL  intensity.  This  indicates  poor  crys¬ 
talline  quality  for  samples  grown  below  480°C  as 
shown  earlier  [8], 

In  growth  rate  experiments  carried  out  with 
DIPSe  and  DEZn  at  a  VI/II  ratio  of  12.3,  we 
observed  the  kinetically  controlled  growth  regime 
up  to  480°C.  At  Tu  -  380°C,  we  found  an  ex¬ 
tremely  low  growth  rate  of  only  0.2  /im/h.  At 
temperatures  higher  than  480°C,  the  diffusion 
controlled  growth  regime  was  found.  The  growth 
rate  was  0.66  ^m/h.  The  sample  surface  was 
mirror-like  up  to  a  growth  temperature  of  4(K)‘’C. 
At  higher  growth  temperatures  the  surface  started 
to  get  rough.  In  SEM  micrographs  (magnification 
5(KK)  X  ),  “pyramides"  were  observed  on  the  sur¬ 
face.  In  Fig.  2,  the  1 1  K  PL  spectra  of  ZnSe 
grown  with  DIPSe  without  plasma  enhancement 
at  different  growth  temperatures  arc  shown.  All 
PL  spectra  of  samples  grown  below  5(X)°C  arc 


nearly  identical.  Only  a  broad  emission  band  SI 
in  the  energy  interval  from  2.4-2.78  eV  was  ob¬ 
served.  We  correlate  this  emission  band  to  impu¬ 
rities  in  the  Se  precursor.  An  interpretation  as 
donor-acceptor  pair  (DAP)  luminescence  seems 
to  be  incorrect,  because  from  time-resolved  mea¬ 
surements  the  decay  of  this  emission  is  nonexpo¬ 
nential  in  the  ns  range.  We  assume  that  this 
emission  can  be  interpreted  as  an  exciton  bound 
to  a  deep  centre  [13].  Layers  which  were  grown  at 
temperatures  higher  than  5(X)°C  show  dominating 
deep  centre  emissions  at  1.95  and  2.25  eV.  In  all 
samples,  no  excitonic  emissions  were  observed. 
At  Tq  =  480°C,  the  variation  of  the  VI/11  ratio 
from  0.8  to  12.3  has  no  influence  on  the  PL 
spectra.  Below  a  VI/II  ratio  of  0.8.  the  PL  spec¬ 
tra  show  deep  luminescence  .it  1.74  eV.  SIMS 
measurements  show  a  carbon  and  hydrogen  con¬ 
centration  below  the  detection  limit  of  SIMS. 


4.  Growth  with  plasma  enhancement 

The  dependence  of  optical  properties  on 
growth  temperature  of  ZnSe  grown  with  plasma 
activated  DESe  is  shown  in  Fig.  3.  If  DESe  was 
u.sed  as  the  Se  precursor  together  with  plasma 
enhancement,  the  so-called  copper  green  (2.25 
eV)  and  self-activated  centre  emissions  (2.0  eV) 
were  reduced  compared  to  non-plasma  grown 
samples.  At  a  growth  temperature  of  480°C.  the 
samples  show  dominating  resolved  excitonic  emis¬ 
sions  in  the  PL  spectra.  The  Y-peak  at  2.6  eV 
which  is  attributed  to  lattice  defects  [14],  is  clearly 
visible  and  more  enhanced  in  samples  grown  at 
44()'’C.  Phonon  replica  of  the  1^'^'^'’  line  (2.78  eV) 
can  be  detected.  Deep  centre  emissions  arise  in 
the  PL  spectra  of  ZnSe  grown  below  440°C.  This 
indicates  a  distorted  lattice  structure  of  ZnSe 
grown  at  temperatures  below  480°C,  although 
plasma  precracking  of  DESe  was  used. 

By  using  plasma  precracking  of  the  DIPSe 
precursor,  the  diffu.sion  controlled  growth  regime 
is  extended  down  to  33()°C  (see  Fig.  1).  The 
growth  rate  was  1.66  ^tm/h  with  a  VI/II  ratio  of 
2.1  and  at  a  total  prc.ssurc  of  20  hPa.  The  sur¬ 
faces  of  the  samples  which  were  grown  below 
380°C  were  smooth  in  SEM  micrographs.  Macro- 
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Fig.  3.  PL  .spectra  at  1 1  K  of  ZnSe  samples  grown  with  plasma 
precracking  of  DESe. 


scopic  defects  on  the  surface  were  observed  for 
epilayers  which  were  grown  at  temperatures 
higher  than  400°C.  Below  a  deposition  tempera¬ 
ture  of  360°C,  deep  centre  emissions  at  2.3  eV 
dominate  in  the  PL  spectra.  In  the  PL  spectra  of 
layers  grown  at  T„  higher  than  360°C,  the  emis¬ 
sion  band  SI  with  a  maximum  at  2.65  eV  due  to 
the  contaminations  present  in  the  Se  precursor 
dominates  the  spectrum.  Excitonic  emissions  of 
samples  grown  below  44()°C  can  be  resolved.  The 
dominating  emission  band  SI  is  present  even  in 
samples  grown  with  different  VI/11  ratios  (0.8  to 
12.3)  and  total  pressures  (20  hPa  to  150  hPa). 
Samples  grown  with  a  VI/II  ratio  of  0.2  show 
only  deep  centre  luminescence  at  1.7  eV.  SIMS 
measurements  indicate  that  the  hydrogen  and 
carbon  incorporation  is  below  the  detection  limit 
of  SIMS,  comparable  to  the  non-plasma  grown 
samples. 


5.  Plasma  enhanced  nitrogen  doping  of  ZnSe 

Since  free  and  donor  bound  excitons  of  ZnSe, 
grown  with  DESe  and  DEZn  at  a  temperature  of 
480°C  can  be  resolved,  this  growth  temperature 
was  first  used  for  the  doping  experiments  in  spite 
of  the  high  growth  temperature.  To  increase  the 
growth  rate,  the  DESe  was  cracked  with  plasma. 
In  Fig.  4,  the  PL  spectra  of  ZnSe ;  N  are  shown. 
Fig.  4a  shows  the  PL  spectrum  of  ZnSe :  N  g.  .)wn 
with  DESe  and  DEZn  with  a  Vl/ll  ratio  of  3.0. 
The  nitrogen  bound  excitonic  emission  ij^  at  2.79 
eV  cannot  be  resolved  in  the  PL  spectra,  but  the 
DAP  emission  at  2.7  eV  and  their  phonon  replica 
are  observable.  The  DAP  emission  has  the  same 
energy  position  as  the  DAP  emission  in  heavily 
nitrogen  doped  layers  grown  with  MOVPE  [7], 
but  MBE  grown  p-type  conducting  samples  show 
a  DAP  emission  at  2.681  eV  [15].  However,  dif¬ 
ferent  strain  magnitudes  in  the  samples  have  to 
be  taken  into  account  due  to  different  growth 


Fig.  4.  PL  .spectra  at  1 1  K  of  ZnSe.  N  grown  with:  (a)  DESe. 
Vl/II  =  3.{),  r„  =  48(m  (b)  DIPSe.  Vl/ll  =  0.8,  T,,  =  .380°C; 
(c)  DIPSe.  Vl/ll  =  0.8,  r„  =  .tWFC. 


4:: 


It  -  Taiuit  t’l  ill.  'Jtmnuil  iff  (  nsiiil  (irimfh  J.IS  f  lW-4f  -HS--I2-J 


temperatures  and  layer  thiekness.  Time  resolved 
PL  measurements  earried  out  on  samples  grown 
with  a  VI/11  ratio  of  3.0  show'  nitrogen  conccn- 
tratirtns  of  1.5  X  10''  em  ’  [16].  With  DlPSe  as 
Se  preeursor.  we  reduced  the  growth  temperature 
down  to  360°C  for  the  doping  experiments,  since 
at  a  growth  temperature  of  480°C  and  a  VI/11 
ratio  (DlPSe/DEZn)  of  0.8  no  DAP  emission  of 
the  nitrogen  was  observed  and  the  PL  spectrum 
was  not  distinguishable  from  a  PL  spectrum  of  an 
undoped  sample.  The  PL  spectra  of  DlPSe  grown 
samples  doped  with  nitrogen  are  shown  in  Fig.  4h 
(VI/11  ratio  =  0.8,  /'„  =  .380°C)and  Fig.  4c(VI/l| 
ratio  =  0.8.  T,,  =  .^blPC).  By  decreasing  the  growth 
temperature  to  360°C.  the  DAP  emission  of  the 
nitrogen  started  to  dominate  the  emission  band 
SI  originating  from  the  contamination  of  the 
DlPSe.  'Phis  indicates  an  increased  nitrogen  in¬ 
corporation  in  ZnSe  with  a  reduced  growth  tem¬ 
perature.  From  time  resolved  PL  measurements, 
a  nitrogen  concentration  of  4.5  x  lO'"  cm  ' 
(Vl/11  ratio  =  0.8  at  a  growth  temperature  of 
380°O  was  evaluated.  Fig.  5  illustrates  the  DAP 
emission  of  samples  grown  with  different  nitro¬ 
gen  tluxes.  The  nitrogen  incorporation  can  be 
estimated  by  the  ratio  of  the  intensity  of  the  DAP 
emission  to  the  intensity  of  the  emission  band  SI. 
The  shoulder  on  the  high  energy  side  of  the  DAP 
emission  is  clearly  visible  in  Fig.  5.  At  a  growth 
temperature  of  38(PC'  and  a  Vl/11  ratio  of  0.8  we 
observed  an  increased  nitrogen  incorporation  with 
an  increased  nitrogen  tlux  as  shown.  A  qualitative 
estimation  is  given  by  the  ratio  of  DAP  emission 
intensity  to  the  exeitonie  emission  intensity,  which 
increases  from  4.0  with  a  nitrogen  flux  of  ,34 
ml/min  to  5.7  at  a  nitrogen  11u\  of  207  ml/min. 
All  samples  were  semi-insulating  in  Hall  mea¬ 
surements.  To  analyse  the  residual  incrrrporation 
of  extrinsic  impurities  originating  from  the  growth 
process  such  as  carbon  and  hydrogen  and  the 
amount  of  incorporated  nitrogen.  SIMS  measure¬ 
ments  were  performed.  In  Fig.  6.  a  SIMS  mea¬ 
surement  of  a  ZnSe  sample  is  shown.  This  ZnSe 
stack  consists  of  several  layers.  The  layers  la¬ 
belled  (a)  and  (b)  were  grown  with  a  Vl/11  ratio 
of  0.8  and  were  doped  with  plasma  activated 
nitrogen.  Lhe  layer  (c)  was  grown  totally  in  nitro¬ 
gen.  the  hydrogen  carrier  gas  was  fully  replaced 
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by  N,.  with  the  same  VI  II  ratio  of  0.8.  The 
t)ther  layers  are  undopeil.  Lhe  growth  tempera¬ 
ture  was  380'C'.  In  layers  (a)  and  (e).  the  carbon 
content  was  approximately  5  x  10 '  em  '  and  the 
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hydrogen  concentration  was  mctisured  to  1  X  10''* 
cm  ’  for  layer  (a).  In  layer  (c),  we  observed  a 
hydrogen  concentration  of  I  x  10'*’  cm  ’.  This 
shows  that  the  hydrogen  originates  from  the  pre¬ 
cursors  and  not  from  the  carrier  gas.  Time  re¬ 
solved  measurements  of  nitrogen  doped  layers, 
grown  with  nitrogen  instead  of  hydrogen  as  car¬ 
rier  gas.  show  a  maximum  nitrogen  content  of 
1  X  10'"  cm  ’. 


6.  Discussion 

By  using  plasma  stimulated  DHSe  and  DEZn 
at  4S0°C  the  deep  centre  emission  of  ZnSe  is 
reduced  and  free  and  bound  excitons  can  be 
resolved.  This  shows  that  high  quality  ZnSc  layers 
can  be  grown  with  the  plasma  MOVPE  tech¬ 
nique.  Furthermore  the  growth  rate  is  increased 
with  plasma  enhanced  growth.  For  the  investi¬ 
gated  precursor  combinations  the  diffusion  con¬ 
trolled  growth  regime  was  extended  to  lower  tem¬ 
peratures.  for  DIPSe/DEZn  down  to  nearly 
as  shown  in  Fig.  I.  Plasma  enhanced 
growth  results  in  a  sufficiently  high  growth  rate  at 
a  low  deposition  temperature.  The  emission  due 
to  the  contamination  of  the  DIPSe  prevents  the 
observation  of  other  emissions  (e.g..  Y-peak.  small 
intensity  DAP  and  excitonic  emissions)  in  DIPSe 
and  DEZn  grown  samples.  The  main  contamina¬ 
tion  seems  to  be  tellurium.  At  a  concentration 
above  2  X  It)'"  cm  ’.  this  dopant  causes  exciton 
trapping  and  is  respvmsible  for  the  dominating  SI 
emission  band  [17).  shown  in  Fig.  2.  The  absence 
of  deep  centre  emissions  proves  that  with  DIPSe 
as  Se  precursor,  the  growth  temperature  lor  ZnSe 
can  be  reduced  by  l()l)°C  in  comparison  to  DESe 
as  Se  precursor.  Fhe  nitrogen  incorporation  is 
achieved  by  plasma  MOVPE  and  can  be  in¬ 
creased  by  growth  temperature  and  nitrogen  llux. 
A  decrease  of  the  VI/11  ratio  causes  an  increase 
of  the  nitrogen  incorporation,  since  nitrogen  is 
incorporated  on  Se  lattice  sites,  rherefore  we 
have  three  parameters  to  contrtrl  the  nitrogen 
incorporation.  The  choice  of  an  extreme  growth 
temperature  (  <  .4WrC.  >  .‘vtKFC;  DIPSe)  or  an 
extremely  low  VI/II  ratio  leads  to  a  detonated 
crystalline  quality  of  the  ZnSe:N  layers.  The 


p-type  conductivity  of  nitrogen  doped  ZnSe  is 
totally  compensated  by  the  incorporation  of  car¬ 
bon.  hydrogen  and  the  Te  contamination,  which 
originates  from  the  precursor  material.  The  hy¬ 
drogen  incorporation  cannot  be  reduced  by  a 
simple  substitution  of  the  hydrogen  carrier  gas 
with  nitrogen. 


7.  Conclusion 

The  optical  properties  of  ZnSe  can  be  im¬ 
proved  by  using  plasma  enhanced  low  pressure 
MOVPE.  The  diffusion  limited  growth  regime 
can  be  extended  to  lower  deposition  tempera¬ 
tures.  With  DIPSe  as  Se  precursor,  a  growth 
temperature  of  36()°C  is  suitable  for  the  growth  of 
ZnSe  layers  with  well-resolved  excitons  in  the  PL 
spectra.  Plasma  activation  of  N,  as  a  dopant  gas 
allows  the  incorporation  of  nitrogen  up  to  a  con¬ 
centration  of  1.7  X  10'"  cm"\  but  a  parasitic 
incorporation  of  carbon  and  hydrogen  occurs. 
The  next  steps  in  investigating  p-type  conducting 
ZnSe.  grown  by  MOVPE.  should  be  the  avoid¬ 
ance  of  contaminations  in  the  DIPSe  source  and 
the  suppression  of  hydrogen  and  carbon  incorpo¬ 
ration  into  the  layers. 
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Abstract 

Site-selective  metalorganic  molecular  beam  epitaxy  (MOMBE)  is  a  new  technique  that  shows  much  promise  for 
the  controlled  substitutional  doping  of  II-VI  compound  semiconductors.  In  the  present  work,  initial  results  on  the 
use  of  the  site-selective  doping  are  reported.  The  metalorganic  compound  [(-BuZnAs(t-Bu),],  which  is  employed  in 
the  present  work  is  only  one  of  a  whole  class  of  potential  compounds  in  which  a  group  II  element  is  pre-bonded  to  a 
group  V  element.  ZnSe  epitaxial  layers  doped  with  this  compound  exhibit  bright  near  edge  luminescence  that  is 
dominated  by  acceptor-bound-exciton  transitions.  This  indicates  that  the  As  contained  in  this  designer  dopant  is 
incorporated  on  its  proper  subsitution  site. 


1.  Introduction 

The  limiting  factor  on  devices  using  wide-gap 
II-VI  materials  has  been  in  achieving  methods  of 
producing  reliable  and  controllable  doping  of 
these  compounds.  An  example  has  been  the  con¬ 
siderable  difficulty  in  growing  p-type  ZnSe  as 
well  as  producing  doped  materials  with  high  car¬ 
rier  concentrations.  Expected  p-type  dopants  are 
the  elements  from  groups  I  and  V.  The  group  III 
elements  As  and  P  have  been  investigated  as 
potential  p-type  dopants  with  little  success.  The 
formation  of  acceptor  states  was  inferred  on  the 
basis  of  photolumincsccnce  results,  although  the 
sample  remained  highly  resistive  [1,2].  Li  has  been 
successfully  employed  to  produce  p-type  ZnSe  by 
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molecular  beam  epitaxy  (MBE)  and.  in  fact,  light 
emitting  diodes  (LEDs)  were  successfully  fabri¬ 
cated.  although  it  diffuses  too  easily  to  be  an 
ideal  dopant  [."1-5].  Li  is  also  hindered  from  being 
a  useful  dopant  in  that  it  tends  to  self-com- 
pensate  at  high  concentrations  by  going  onto  in¬ 
terstitial  sites  [5]. 

The  recent  success  in  doping  ZnSe  p-type  us¬ 
ing  a  nitrogen  atomic  radical  source  has  been  a 
large  step  towards  controlling  the  electrical  prop¬ 
erties  of  this  material  [6].  This  success  has  led  to 
the  fabrication  of  the  first  laser  diodes  operating 
in  the  blue-green  spectral  region  [7.8].  However 
diffieulties  still  remain.  At  present,  the  highest 
p-type  doping  density  remains  in  the  low  10"* 
cm’’  range;  furthermore  the  samples  tend  to  be 
highly  compensated  ( >  70%)  and  show  a  very 
small  activation  of  the  incorporated  nitrogen  [9]. 
Not  only  do  there  appear  to  be  limits  to  the 
doping  density  that  is  achievable  with  nitrogen. 
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but  the  long  term  stability  of  the  doping  level  has 
also  been  questioned  [10]. 

In  this  paper  a  new  and  unique  route  to  p-type 
doping  of  ZnSe  is  reported.  Rather  than  using 
the  traditional  elemental  sources  such  as  N,  As,  P 
or  Li,  we  employed  a  complex  metalorganic 
molecule  in  which  the  potential  acceptor  is  pre¬ 
bonded  to  a  host  atom.  Previous  published  work 
on  site-specific  doping  of  ll-VI  compound  semi¬ 
conductors  is  limited  to  nitrogen  doping  of  ZnSe 
grown  by  organometallic  vapor  phase  epitaxy 
(OMVPE)  [11,12]. 


2.  Experimental  details 

The  ZnSe  epitaxial  growth  was  carried  out  in 
an  EPl  MBE  system.  Connected  to  the  II-VI 
system  through  a  vacuum  transfer  system  is  a 
Perkin-Elmer  425B  111-V  MBE  system.  This 
combination  allows  the  growth  of  II-VI  epitaxial 
layers  on  a  variety  of  virgin  Ill-V  buffer  layers. 
Also  connected  to  the  II-VI  MBE  system  is  a  gas 
handling  cabinet  that  allows  the  precisely  con¬ 
trolled  introduction  of  various  gases,  high  vapor 
pressure  liquids  or  solids  into  the  growth  cham¬ 
ber.  These  can  be  injected  through  cither  conven¬ 


tional  gas  injectors  or  an  electron  cyclotron  reso¬ 
nance  plasma  (ECR)  source.  The  system  is  also 
equiped  with  six  solid  sources,  which  include  Zn. 
Se,  Cd,  Te  and  Mn,  and  a  selenium  cracker.  In 
the  present  work,  only  high  purity  elemental  Zn 
and  Se  in  conventional  low  temperature  cells 
were  employed.  The  gas  cabinet  houses  six  con¬ 
ventional  bubblers.  One  of  these  bubblers  can  be 
operated  in  a  double-dilution  mode  and  another 
can  be  used  as  a  direct  vapor  injector.  For  the 
injection  of  the  T-butyl  (di-t-butyl)  arsino  zinc, 
the  solid  was  placed  in  one  of  the  conventional 
bubblers  and  the  exit  valve  was  opened  after  the 
temperature  was  stabilized  at  the  operating  tem¬ 
perature  without  the  use  of  a  carrier  gas.  A 
schematic  diagram  of  the  system  is  shown  in  Fig. 
1.  As  can  be  seen  in  the  figure,  a  combination  of 
diffusion  and  cryo-pumping  is  employed.  During 
standby  periods  and  MBE  growth  the  system  is 
cryo-pumped.  During  MOMBE  growth  and  dop¬ 
ing,  the  system  is  pumped  using  a  double  liquid- 
nitrogen-trapped  diffusion  pump. 

The  ZnSe  epilayers  reported  in  this  paper 
were  grown  at  a  substrate  temperature  of  26()°C 
on  thin  GaAs  epitaxial  layers  which  were  de¬ 
posited  in  the  lll-V  chamber  before  the  sub¬ 
strate  was  transferred  into  the  11-Vl  chamber.  A 
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selenium-to-zinc  beam  pressure  ratio  of  2 ;  1  was 
employed  for  all  ZnSe  epilayers  reported  here. 

The  optical  properties  of  the  epitaxial  layers 
were  investigated  using  low  temperature  photolu¬ 
minescence  (PL)  at  liquid  helium  temperatures. 
The  PL  signal  was  excited  using  a  Spectra  Physics 
Model  185  He-Cd  laser.  The  luminescence  was 
detected  using  a  1.25  m  SPEX  grating  mono¬ 
chrometer  with  a  cooled  GaAs  photocathode 
photomultiplier  and  standard  lock-in  detection 
electronics. 

The  particular  metalorganic  compound  that 
we  have  investigated  in  the  present  work  is  T-butyl 
(di-t-butyl)  arsino  zinc  ([(/-BuZnAs(f-Bu),]i).  The 
details  of  the  synthesis  and  characterization  of 
this  particular  compound  have  been  reported  ear¬ 
lier  [13].  The  structure  of  this  compound  is  .shown 
in  Fig.  2.  The  novel  aspect  of  this  compound  is 
that  at  its  center  are  two  Zn-As  bonds.  The 
existence  of  these  Zn-As  bonds  in  the  precursor 
is  hoped  to  enhance  the  site  selectivity  of  the 
incorporation  of  the  As  at  the  growth  front  dur¬ 
ing  the  deposition  process.  The  Zn  perrtion  of  this 
compound  is  presumed  to  prefer  incorporation 
on  the  Zn  sublattice  as  opposed  to  the  Se  sublat¬ 
tice.  The  As  will  be  forced  to  occupy  the  nearest 
neighbor  Se  site  and  thus  be  activated  as  a  substi¬ 
tutional  p-type  dopant.  This  enhanced  site  .selec¬ 
tivity  should  lead  to  a  dramatic  decrease  in  the 
density  of  anti-site  and  interstitial  defects,  and 
therefore  a  higher  level  of  dopant  activation.  This 
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Fig.  2.  Low-iempcralure  phiUolumincstcnce  spectra  ot  l/- 
BuZnAs(r*BuKj_'  dopcJ  ZnSc  epitaxial  layers  grown  using 
bubbler  temperatures  between  and 


reduction  of  point-defects  should  also  lead  to  an 
improvement  in  device  characteristics,  since  it  is 
believed  that  point-defects  contribute  to  the 
growth  of  dark-line  defects  cau.sing  a  .severe  re¬ 
duction  in  life-time  of  present  generation  blue- 
green  laser  diodes. 


3.  Results  and  discussion 

In  order  to  investigate  the  effectiveness  of  the 
site-selective  doping  technique  a  scries  of  [/- 
BuZnA.s(t-Bu).].  doped  epitaxial  layers  was 
grown.  All  samples  in  this  series  were  grown  as 
nearly  as  possible  using  the  same  substrate  tem¬ 
perature  and  fluxes.  In  this  series  the  bubbler 
temperature  was  systematically  varied  between  50 
and  90°C.  The  photolumincscence  spectrum  from 
this  series  of  samples  is  shown  in  Fig.  3.  The 
luminescence  spectrum  for  undoped  epitaxial 
ZnSc  is  shown  in  spectrum  (a)  for  comparison. 
This  spectrum  is  dominated  by  the  free  e.xciton 
line  at  443.3  nm  and  an  acceptor-bound-exciton 
line  (K'curring  at  444.4  nm.  This  .sample  exhibited 
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minimal  deep  level  luminescence  in  the  self- 
activated  region  of  the  spectrum. 

Spectra  (b)  to  (d)  were  grown  using  bubbler 
temperatures  of  50,  75  and  90°C,  respectively. 
The  spectra  for  the  sample  grown  using  the  low¬ 
est  [r-BuZnAsfr-Bu),]!  temperature  of  50“C  ex¬ 
hibits  a  strong  increase  in  luminescence  intensity. 
In  fact  ,the  luminescence  intensity  for  this  sample 
is  about  a  factor  of  five  more  intense  than  the 
undoped  sample.  Accompanying  the  increase  in 
the  overall  luminesence  intensity  is  a  shift  of 
intensity  from  the  free-exciton  to  acceptor- 
bound-exciton  line.  In  previous  work  using  [/- 
BuZnAsfz-Bu),],  as  a  p-type  dopant  in  CdTe  and 
ZnTe.  p-type  conductivity  with  hole  concentra¬ 
tions  in  the  mid  10'’  cm”  '  range  were  obtained 
when  similar  bubbler  temperatures  were  em¬ 
ployed.  Details  of  this  work  will  be  published 
elsewhere. 

As  the  bubbler  temperature  is  increased  fur¬ 
ther.  a  decrease  in  the  overall  intensity,  and  a 
further  shift  to  acceptor-bound  luminescence  is 
observed.  At  a  bubbler  temperature  of  90°C,  the 
highest  temperature  investigated,  the  lumines¬ 
cence  intensity  has  become  relatively  weak  and 
significant  deep  level  luminescence  is  observed.  It 
should  be  noted,  however,  that  the  near-edge 


t-ig.  4,  Plotted  is  the  ratio  of  the  intensity  of  the  light-hole  to 
the  acceptor  bound  exetion  intensity  in  I(-BuZnAs(/-Bu),l, 
doped  ZnSe  epitaxial  layers. 


luminescence  is  now  completely  dominated  by 
the  acceptor-bound  exciton  line.  In  Fig.  4  is  plot¬ 
ted  the  peak-intensity  ratio  for  this  series  of  site- 
selectively  doped  ZnSe  epilayers,  demonstrating 
the  strong  increase  in  acceptor  related  lumines¬ 
cence. 

These  results  indicate  that  the  site-selective 
dopant  [/-BuZnAsff-BuIjls  can  be  sucessfully 
used  to  induce  shallow  acceptor  sites  in  MBE 
grown  ZnSe.  At  present  efforts  are  underway  to 
investigate  both  the  amount  of  incorpiorated  As 
and  its  electrical  activation. 


4.  Summary 

In  summary,  we  report  for  the  first  time  the 
results  of  the  MBE  doping  of  ZnSe  with  a  site- 
specific  metalorganic  precursor.  Initial  photolu¬ 
minescence  results  indicate  that  significant 
amounts  of  acceptors  have  been  introduced  using 
this  new  technique.  The  T-butyl  (di-t-butyl)  ar- 
sino  zinc  precursor  is  only  one  of  a  large  number 
of  site  specific  dopants  that  need  to  be  investi¬ 
gated.  These  designer  dopants  offer  the  potential 
of  greatly  reducing  the  introduction  of  point  de¬ 
fects  that  are  often  associated  with  the  incorpora¬ 
tion  of  traditional  acceptors  in  ZnSe.  Once  this  is 
accomplished,  higher  dopant  densities  should  be 
realized,  with  the  associated  improvements  in  re¬ 
lated  device  properties. 
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Abstract 

A  high  resolution  study  of  the  optical  emission  from  nitrogen-plasmas  produced  by  an  Oxford  Applied  Research 
radio  frequency  plasma  source  is  reported.  Strong  atomic  emission  lines  in  the  near-infrared  spectral  region  provide 
unequivocal  evidence  that  the  nitrogen-plasma  source  generates  an  appreciable  flux  of  nitrogen  atoms.  Nitrogen 
atoms,  rather  than  N,  r.iolecules  in  the  plasma,  arc  the  most  likely  nitrogen-plasma  species  responsible  for  the 
successful  p-type  doping  of  ZnSc.  N  and  related  alloys.  Emission  spectra  from  the  radio  frequency  nitrogen-plasma 
source  arc  compared  with  similar  emission  spectra  obtained  from  an  electron  cyclotron  resonance  microwave 
nitrogen-plasma  source. 


1.  introduction 

Nitrogen  doping  of  ZnSc  and  related  alloys 
has  led  to  the  demonstration  of  blue/green  light 
emitting  diodes  [  1  -6]  and  laser  diodes  [7- 1 1  ]  by  a 
number  of  research  groups  throughout  the  world. 
Most  of  these  researchers  employ  an  Oxford  Ap¬ 
plied  Research  [12]  radio  frequency  (RF)  plasma 
source  during  molecular-beam  epitaxy  (MBE)  film 
growth  to  produce  the  p-type  layers  of  the  diode 
structures.  Information  about  the  nitrogen-plasma 
species  responsible  for  the  successful  p-type  dop¬ 
ing,  and  the  optimization  of  this  desired  species, 
is  fundamentally  important  to  the  pursuit  of 
higher  p-type  doping  levels  and  improved  perfor¬ 
mance  of  II-VI  light  emitting  devices. 
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Other  research  groups  have  examined  the 
emission  from  Oxford  RF  plasma  sources  to  bet¬ 
ter  understand  the  mechanisms  involved  in  nitro¬ 
gen  doping.  Ohkawa  et  al.  attributed  the  p-lype 
doping  to  "active"  nitrogen  in  the  plasma  in  the 
form  of  excited  N ,  moleeules  in  the  A  J  state, 
due  to  the  long  lifetime  (2  s)  of  this  metastable 
state  [2].  Park  argued  that  the  presence  of  N- 
molecules  in  the  A  'i  J  excited  state  implies  that 
they  were  created  by  the  recombination  of  two 
ground  state  N  atoms  within  the  plasma  [l.^j. 
although  no  spectroscopic  evidence  of  N  atoms  in 
the  optical  emission  spectrum  was  reported,  nor 
were  molecular  excitations  which  might  also  be 
rc.sponsible  for  the  observed  A  '2„‘  excited 
molecular  state  addressed. 

FIcre  we  report  spectroscopic  evidence  that 
the  nitrogen-plasma  sources  used  for  p-type  dop¬ 
ing  of  II-VI  materials  do,  indeed,  generate  an 
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appreciable  flux  of  N  atoms.  The  optical  emission 
from  an  Oxford  Applied  Research  Model  MPD21 
RF  plasma  source  was  investigated  over  a  range 
of  plasma  input  powers  and  N,  gas  flow  rates. 
Source  operating  conditions  which  enhance 
atomic  nitrogen  production  are  discussed.  An 
evaluation  of  an  electron  cyclotron  resonance 
(ECR)  microwave  plasma  source,  as  an  alterna¬ 
tive  nitrogen  source  to  the  Oxford  RF  plasma 
source,  is  also  presented. 

2.  Experimental  details 

Nitrogen-plasmas  were  produced  using  an  Ox¬ 
ford  Applied  Research  Model  MPD21  RF  plasma 
source  which  bolts  directly  onto  an  MBE  cham¬ 
ber  furnace  port.  The  inductively-coupled  13.56 
MHz  input  energy  which  generates  the  nitrogen- 
plasmas  was  varied  from  2(K)  to  500  W.  A  variable 
leak  valve  was  used  to  carefully  control  the  flow 
of  high  purity  (5N5)  N,  gas  into  the  RF  plasma 
source  such  that  the  MBE  chamber  pres.sure  was 
varied  from  1.0  x  lO"'’  to  5.0  x  10  Torr.  These 
conditions  provided  a  variety  of  stable  nitrogen- 
plasmas  to  be  analyzed. 

Optical  emission  from  the  plasma  source  was 
monitored  with  an  EG&G  Princeton  Applied 
Research  Model  1235  monochromator,  equipped 
with  interchangeable  150  grooves/mm  (low  reso¬ 
lution)  and  1200  grooves/mm  (high  re.solution) 
gratings.  The  emission  from  the  Oxford  RF  source 
was  measured  through  a  kodial  gla.ss  viewport. 
The  dispersed  nitrogen-plasma  emission  was  de¬ 
tected  with  a  Model  1455  intensified  7(K)-pi.xel 
diode  array  detector  (280-900  nm)  and  recorded 
by  computer.  The  spectral  response  of  the 
monochromator/detection  system  was  deter¬ 
mined  using  a  calibrated  I0(K)  W  tungsten-halo- 
gen  lamp  operated  at  8.30  A.  The  measured 
spectral  response  curve  was  used  to  correct  all  of 
the  nitrogen-plasma  emission  spectra  obtained  in 
this  study. 

3.  Results  and  discussion 

A  representative  optical  emi.s.sion  spectrum 
from  the  Oxford  MPD21  RF  plasma  source  oper- 


Fig.  1.  Nitrogen-plasma  emission  spectrum  from  an  Oxfortl 
Applied  Research  RF  plasma  source  operated  at  an  input 
power  of  200  W  and  MBE  chamber  pressure  of  2  x  10  Torr. 
The  spectrum  was  obtained  for  the  wavelength  range  2S0-000 
nm  using  the  150  grooves/mm  grating.  The  emission  spec¬ 
trum  is  dominated  by  atomic  nitrogen  peaks  in  the  near-lR. 
The  spectrum  also  contains  a  number  of  molecular  Ns  and 
N>*  emission  bands  throughout  the  spectral  region  investi¬ 
gated. 

ated  at  200  W  and  2  X  10  ”  Torr  is  shown  in  Fig. 
1.  A  variety  of  nitrogen-plasma  emission  peaks 
span  the  measured  spectral  region,  including 
emission  from  the  firs,  positive  and  second-posi¬ 
tive  series  transitions  of  the  neutral  N.  molecule, 
weak  emission  peaks  of  the  first-negative  series  of 
the  molecular  NC  ion.  and  strong  atomic  lines  in 
the  near-infrared  (IR)  spectral  region.  The  six 
multiple-peaked  broad  bands  of  emission  which 
ix:cur  in  the  visible  and  near-lR  spectral  regions 
are  associated  with  the  first-positive  scries  molec¬ 
ular  transitions  (B  '//j,  -*  A  transitions) 
[14.15].  These  bands  are  approximately  centered 
at  emission  wavelengths  of  540,  590.  f>55.  755. 
820,  and  880  nm.  There  are  no  resolvable  peaks 
in  the  lowest  wavelength  band,  but  as  the  emis¬ 
sion  wavelength  is  increased,  the  separation  be¬ 
tween  peaks  increa.ses  and  individual  molecular 
transitions  can  be  re.solved.  As  a  result,  four 
peaks  at  580.  585,  590  and  595  nm  are  evident 
within  the  molecular  band  centered  at  590  nm. 
The  peak  at  662  nm  is  the  strongest  of  the  eight 
first-positive  transition  peaks  visible  between  632 
and  687  nm.  The  three  highest  wavelength  bands 
are  dominated  by  atomic  emission  lines,  but  sev¬ 
eral  molecular  peaks  are  still  recognizable.  First- 
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positive  molecular  peaks  at  716.  726,  737,  761, 
773.  and  787  nm  are  observed  in  the  fourth  band. 
The  weak  molecular  band  at  820  nm  is  nearly 
eclipsed  by  the  atomic  emission,  but  the  highest 
wavelength  molecular  band  includes  observable 
peaks  at  854  and  891  nm.  All  nineteen  peaks 
detected  correspond  to  the  first-positive  series 
transitions  of  the  N,  molecule  [14,15].  The  largest 
bands  of  the  much  less  intense  second-positive 
molecular  N,  system  (C  V/j, ->  B  V/^  transitions) 
[14,15]  occur'  at  316,  337,  .357,  .380,  4(K)  and  420 
nm.  Overall,  the  second-positive  series  of  molecu¬ 
lar  transitions  occur  at  wavelengths  throughout 
the  .300  to  500  nm  region.  The  peaks  at  .391  and 
428  nm  are  the  most  intense  of  the  first-negative 
systemofN7  (B’i'*  transitions)[l4,l5]. 

Additional  emission  peaks  of  N7  were  observed 
at  .388.  417,  424,  428,  451,  4.55,  471,  .501  and  .508 
nm. 
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rig.  2.  High  resolution  spectra  from  the  Rf  plasma  source 
tiperaled  at  an  input  power  t>f  200  W  and  MBl:  chamber 
pressure  of  2x10  "  Torr  showing  intense  att>mic  nitrogen 
emission  peaks  within  the  (a)  7.40-770  nm.  (b)  SI0-S30  nm. 
and  tc)b55-S75  nm  spectral  regions. 

The  emission  spectrum  of  !-ig.  1  is  dominated 
by  the  sharp  atomic  nitrogen  emission  peaks  in 
the  near-IR  spectral  region  at  745.  821  and  869 
nm.  Confirmation  of  atomic  nitrogen  emission 


R.P.  Vaudo  et  al.  /Journal  of  Crystal  Growth  13H  (1^4)  430-436 


433 


was  obtained  by  employing  the  high  resolution 
grating  (1200  grooves/mm).  Fig.  2  shows  high 
resolution  spectra  obtained  from  the  MPD21  RF 
plasma  source  for  the  three  near-IR  spectral  re¬ 
gions  of  interest.  The  high  resolution  spectra 
reveal  that  each  of  the  atomic  peaks  we  identified 
in  Fig.  1  is  actually  composed  of  several  fines, 
each  corresponding  to  a  different  total  electronic 
angular  momentum  transition,  fn  Fig.  2a,  the 
triplet  of  lines  at  742.3,  744.2,  and  746.8  nm  is 
attributed  to  the  3s^P->3p^S“  transitions  of 
atomic  nitrogen  [16-18].  The  three  broad,  low-in¬ 
tensity  emi.s,sion  bands  with  bandheads  at  738, 
750,  and  762  nm  are  due  to  transitions  of  the 
first-positive  system  of  molecular  N,  [14,15].  Fig. 
2b  shows  a  7-line  multiplet  of  peaks  between 
818.5  and  824.2  nm,  which  we  attribute  to  the 
3s^P  ^  3p^P‘’  transitions  in  atomic  nitrogen  [16- 
18],  Fig.  2c  shows  a  total  of  eleven  atomic  nitro¬ 
gen  peaks  at  wavelengths  ranging  between  856.8 
and  872.8  nm.  The  4-line  multiplet  of  peaks  at 
856.8.  859.4,  862.9,  and  865.5  nm  is  due  to  the 
3s"P  ^  3p“P"  transitions  in  atomic  nitrogen  [16- 
18].  The  seven  peaks  between  868.0  and  872.8  nm 
are  part  of  an  8-line  multiplet  of  lines  associated 
with  the  3.s''P->3p^D"  tran.sitions  in  atomic  ni¬ 
trogen  [16-18]. 

Table  1  summarizes  our  findings  with  regard 
to  the  high  resolution  atomic  nitrogen  emission 
lines.  The  first  column  in  the  table  lists  selected 
atomic  nitrogen  transitions  expressed  by  the  usual 
spectroscopic  symbols  [16]  for  the  final  state  and 
initial  state,  respectively.  The  second  column  gives 
the  corresponding  internal  quantum  numbers  of 
the  total  electronic  angular  momentum  J  of  each 
of  the  listed  transitions.  The  third  column  enu¬ 
merates  reliable  reference  values  [16-18]  for  the 
transition  wavelengths  in  nanometers,  followed 
by  the  fourth  column  of  the  observed  transition 
wavelengths  measured  in  the  present  spectro¬ 
scopic  study  of  the  Oxford  Applied  Research 
Model  MPD21  nitrogen-plasma  source.  Note  that 
all  of  the  twenty-one  near-IR  emission  lines  ob¬ 
served  from  the  nitrogen-plasma  generated  within 
the  MPD2I  source  are  in  excellent  agreement 
with  literature  values  of  the  atomic  nitrogen  tran¬ 
sitions  listed  in  the  table  [16-18].  These  results 
unequivocally  confirm  that  the  Oxford  MPD2I 
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Fig.  .1.  Opliciil  emission  speelra  from  the  RF  plasma  source 
operated  at  an  MBU  chamber  pressure  of  .Sx  10  '  Torr  and 
RF  input  power  of  (a)  :iM)  W.  (b)  .t(M)  W.  and  (c)  4(K)  W.  Note 
that  as  the  input  power  increases,  the  atomic  nitrogen  peaks 
increase  in  intensity  compared  to  the  molecular  nitrogen 
emission  features. 

RF  plasma  .source  produces  an  appreciable  flux 
of  neutral  nitrogen  atoms. 

Nitrogen-plasma  emission  spectra  were  ob¬ 
tained  for  a  range  of  RF  input  powers  and  N,  gas 
flow  rates  in  order  to  determine  operating  pa¬ 
rameters  that  would  enhance  atomic  nitrogen 
generation  relative  to  the  molecular  N,  plasma 
species.  A  series  of  emission  scans  recorded  from 
the  Oxford  RF  plasma  source  as  the  source  input 
power  is  increased  from  2(H)  to  4(K)  W  is  shown  in 
Fig.  3.  The  MBE  chamber  pressure  was  held  at 
2  X  10  '’  Torr.  Each  spectrum  in  Fig.  3  was  nor¬ 
malized  with  respect  to  the  molecular  emission 
peak  at  654  nm  in  order  to  illustrate  the  relative 
intensities  of  the  atomic  versus  molecular  nitro¬ 
gen  cmi.s.sion  pcak.s.  In  general,  as  the  input  power 
to  the  nitrogen-plasma  is  increased,  the  intensity 
of  each  peak  in  the  spectrum  is  increased,  but  the 
atomic  nitrogen  peaks  grow  more  quickly  than  do 
the  molecular  bands.  The  relative  intensity  of  the 
atomic  nitrogen  emission  peaks  at  745.  821,  and 
869  nm  [16-18]  steadily  grow  stronger  as  the 
input  power  is  increased  from  2(X)  W  in  Fig.  3a  to 
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Fig.  4.  Optical  emission  spectra  from  the  RF  plasma  source 
operated  at  an  RF  input  power  of  2IK)  W  and  MBE  chamber 
pressure  of  (a)  5x10  '  Torr.  (b)  IxlO  ’’  Torr.  and  (c) 
2x10  Torr.  Note  that  lower  Ni  flow  rates  enhaiiee  the 
relative  intensity  of  the  atomic  nitrogen  peaks  in  the  near-IR 
spectral  region. 

400  W  in  Fig.  3c.  This  trend  suggests  that  larger 
input  powers  cause  a  larger  fraction  of  the  nitro¬ 
gen  molecules  to  dissociate  and  therefore  pro¬ 
duce  relatively  more  nitrogen  atoms. 

Fig.  4  shows  a  sequence  of  emission  spectra 
which  illustrates  the  effects  of  changing  the  N- 
gas  flow  rate.  The  input  power  was  held  constant 
at  200  W  and,  similar  to  the  spectra  of  Fig.  3.  the 
scans  were  normalized  to  the  molecular  emission 
peak  centered  at  654  nm.  As  the  N,  gas  flow  rate 
decreases,  fhe  overall  intensity  of  the  emission  is 
reduced.  However,  the  atomic  lines  decrease  at  a 
slower  rate  than  the  molecular  peaks.  The  sharp 
atomic  nitrogen  lines  in  the  near-IR  grow  relative 
to  the  first-positive  molecular  bands  from  the 
highest  input  gas  flow  rate  (MBE  chamber  pres¬ 
sure  =  5  x  10  '  Torr)  in  Fig.  4a  to  the  lowest 
(MBE  chamber  pressure  =  2  X  10  Torr)  in  Fig. 
4c.  We  believe  that  reducing  the  N,  gas  flow, 
which  reduces  the  pressure,  decreases  the  proba¬ 
bility  that  two  atoms  will  collide  within  the  plasma 
and  recombine  to  form  molecular  Nj,  hence  fa¬ 
voring  the  net  generation  of  atomic  nitrogen. 


Thus,  low-pressure  and  high-power  nitrogen- 
plasmas  generate  a  higher  percentage  of  nitrogen 
atoms. 


4.  Conclusions 

The  results  of  this  optical  emission  study  clearly 
show  that  the  Oxford  Applied  Research  RF 
plasma  source  generates  an  appreciable  flux  of 
neutral  nitrogen  atoms.  We  believe  that  nitrogen 
atoms  are  the  most  likely  nitrogen-plasma  species 
responsible  for  ihe  successful  p-type  doping  of 
ZnSe :  N  and  related  alloy  films  to  levels  high 
enough  to  make  blue /green  laser  diodes  [7-11]. 
At  an  MBE  chamber  pressure  of  10  Torr,  the 
mean  free  path  of  nitrogen  atoms  is  greater  than 
50  m  [19]  -  which  is  much  larger  than  the  source- 
to-substrate  distance  in  typical  MBE  systems. 
Thu.s.  nitrogen  atoms  from  the  plasma  source 
impinge  directly  onto  the  film  growth  surface 
during  MBE  film  growth  and  can  be  directly 
incorporated  into  the  ZnSe  crystal  structure. 

In  contrast,  very  large  fluxes  of  ground  state 
N,  molecules  used  in  earlier  studies  have  pro¬ 
duced  very  low  doping  levels  in  ZnSe  [20]  -  which 
is  to  be  expected  because  of  the  very  large  disso¬ 
ciation  energy  of  N,  molecules  in  the  ground 
state  (9.9  eV)  [21].  N,  molecules  in  the  A'i,‘ 
excited  state  have  also  been  proposed  as  another 
possible  doping  species,  since  N,  molecules  in 
this  metastabic  state  remain  e' cited  for  an  aver¬ 
age  of  2  seconds  [2]  -  sufficient  time  to  travel  to 
the  growth  surface.  Theoretical  calculations  sug¬ 
gest  that  N,  molecules  in  the  A metastable 
state  may  also  be  able  to  adsorb  to  the  ZnSe 
growth  surface  and  subsequently  dissociate  [22]. 
However.  3.9  eV  [21]  of  energy  is  still  required  to 
break  the  strong  molecular  bond  of  the  A '.2  * 
metastable  state.  Since  nitrogen  atoms  can  incor¬ 
porate  directly  into  the  lattice  without  expending 
the  large  amount  of  energy  needed  to  dissiKiate 
the  Nj  molecules,  we  believe  that  nitrogen  atoms 
are  the  plasma  species  that  are  in  large  part 
responsible  for  the  p-type  doping  of  ZnSe  and 
related  alloys. 

At  NCSU.  we  have  also  investigated  the  use  of 
an  ASTeX  compact  E(  R  microwave  plasma 
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source  [23]  as  an  alternative  nitrogen  source  to 
the  Oxford  RF  plasma  source  for  p-type  doping 
of  ZnSe-based  materials.  A  high  resolution  study 
of  the  optical  emission  from  the  ECR  plasma 
source  [24]  indicated  that  the  nitrogen-plasmas 
generated  by  both  the  ASTeX  ECR  source  and 
the  Oxford  RF  source  were  very  similar  in  many 
respects.  As  is  shown  for  the  RF  plasma  source 
studied  in  the  present  work,  the  ECR  plasma 
source  also  generates  a  large  flux  of  nitrogen 
atoms  which  is  enhanced  by  higher  source  input 
powers  and  lower  N,  gas  flow  rates  [24].  How¬ 
ever,  the  relative  intensity  of  the  atomic  nitrogen 
versus  molecular  nitrogen  emission  peaks  from 
both  sources  indicates  that  the  Oxford  RF  plasma 
source  produces  a  larger  percentage  of  nitrogen 
atoms  for  a  given  set  of  operating  conditions. 
Furthermore,  using  the  ASTeX  ECR  source  we 
were  not  able  to  successfully  dope  ZnSe  or  ZnSSe 
films  to  10'^  cm'^  free  hole  concentrations  at 
300  K  that  were  achieved  with  the  Oxford  RF 
plasma  source  [25].  These  findings  suggest  that, 
because  of  the  greater  percentage  of  nitrogen 
atoms  it  is  able  to  produce,  the  Oxford  RF  plasma 
source  may  be  the  preferred  nitrogen  source  for 
p-type  doping  of  ZnSe  and  related  11-Vl  alloys. 

However,  direct  correlation  between  the  out¬ 
put  of  the  nitrogen  plasma  sources  described  in 
this  paper  and  the  p-type  doping  of  ZnSe ;  N  will 
require  additional  electrical  and  optical  film  char¬ 
acterization  experiments  -  which  arc  beyond  the 
intended  scope  of  the  present  work.  Such  future 
studies  are  important,  we  believe,  and  should  also 
include  an  investigation  (.'f  the  effects  of  MBE 
system  parameters  such  as  nitrogen  source  place¬ 
ment,  source-to-substrate  distance,  system  pump¬ 
ing  type/speed,  etc.,  on  p-type  doping  levels  of 
ZnSe  :  N  and  related  alloys. 
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Abstract 

Results  on  the  halogen  doping  of  CdTe.  (CdMnJTe  as  well  as  (C'dMg)Te  Ihin  films  and  quantum  well  structures 
are  reported.  The  structures  were  grown  by  molecular  beam  epitaxy.  The  samples  have  been  investigated  by  Van  der 
Pauw.  photoconductivity.  X-ray  diffraction.  XPS  and  SIMS  measuremenis.  ZnCl,  and  ZnBr,  have  been  used  as 
dopant  sources.  Free  carrier  concentrations  at  room  temperature  above  lO'''  cm  '  can  easily  be  achieved  for  CdTe 
for  a  wide  range  of  Cd/Te  tlux  ratios  and  substrate  temperatures.  In  the  ternary  alloys,  the  free  carrier 
concentration  decreases  drastically  with  increasing  .v-values.  despite  a  constant  incorporation  of  the  dopant  species. 
In  addition,  persistent  photttconductivity  has  been  observed  in  n-type  doped  ternary  thin  films  at  low  temperatures. 
The  decrease  of  the  free  carrier  concentration  with  .v-value  is  common  to  other  wide-gap  ternary  alloys,  and  the 
reason  for  it  is  discussed  in  the  frame  of  DX-like  deep  donor  impurities  in  ternary  II-VI  compounds.  In  first 
experiments  on  planar  halogen  doping  of  CdTe.  a  doping  level  of  .S  x  Id'''  cm  '  could  be  reached  in  the  doped 
regions,  the  highest  value  ever  reported  for  CdTe.  A  clear  influence  of  dopant  incorporation  on  the  structural 
quality  of  CdTe  thin  films  has  been  seen  even  for  dopant  concentrations  of  as  low  as  Id'''  cm  ’.  The  FWHM  of  the 
rocking  curves  decreased  by  a  factor  of  2  with  increasing  dopant  incorporation.  SIMS  as  well  as  XPS  mesurements 
demonstrate  that  the  Cl/Zn  and  Br/Zn  ratio  in  the  doped  films  is  2/1.  but  no  chemical  shift  corresponding  to 
Zn-CI  or  Zn-Br  bonds  could  be  detected.  A  model  for  the  incorporation  of  the  halogens  is  proposed  on  the  basis  of 
these  results. 


I.  Introduction 

The  recent  progress  in  II-VI  device  technol¬ 
ogy  with  the  fabrication  of  blue-green  Zn.Se-based 
laser  diodes  [  I  ]  as  well  as  HgCdTe  infrared  laser 
diodes  [2]  has  been  based  on  the  successful  elec¬ 
trical  control  t)f  the  epilayers.  If  one  wants  to 
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exploit  the  interesting  properties  of  CdTe-based 
ternary  alloys  like  (C'dMn)Te.  (CdZn)Te  or 
(CdMg)Te  in  tiptoelectronic  devices,  one  has  to 
be  able  to  dope  the  materials  both  n-type  and 
p-type  to  high  enough  doping  levels. 

It  has  been  demonstrated  in  the  past  that 
various  donors  in  (C'dZn)Te  [.1]  as  well  as  in 
(CdMn)Te  [4]  exhibit  a  deep-shallow  metastabil¬ 
ity  analogous  to  the  DX  center  in  AIGaAs  [5).  In 
the  binary  base  material  CdTe.  the  DX-like  cen¬ 
ter  has  been  reported  to  be  resonant  with  the 
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conduction  band,  and  according  to  pressure -de¬ 
pendent  resistivity  measurements  its  energy  level 
lies  50  and  260  meV  above  the  conduetion  band 
edge  for  chlorine  and  bromine  donors,  respec¬ 
tively  [6].  With  pressure  or  with  increasing  band 
gap,  the  DX-like  level  is  shifted  into  the  band  gap 
and  therefore  forms  a  deep  donor.  The  DX-like 
centers  are  known  to  have  repulsive  barriers  for 
both  electron  emission  and  electron  capture, 
which  is  the  reason  for  persistent  photoconductiv¬ 
ity  at  low  temperatures.  The  existence  of  DX-like 
centers  in  the  binaries  GaAs  and  CdTe  shows 
that  the  DX-like  behavior  is  a  characteristic  of 
isolated  donors. 

It  should  be  mentioned  that  the  DX-like  cen¬ 
ters  discus.sed  here  do  not  necessarily  have  the 
same  microscopic  structure  as  in  the  (AIGa)As 
system.  The  term  " DX-like  center”  is  used  here 
because  of  the  very  similar  behavior  of  the  deep 
centers  in  ternary  11-VI  semiconductors  and  the 
DX  centers  in  (AlGa)As. 

In  this  contribution  we  report  on  the  investiga¬ 
tions  of  n-type  doping  of  the  ternary  alloys 
(CdMnlTe  and  (CdMg)Tc  thin  films  during 
molecular  beam  epitaxy.  Chlorine  and  bromine 
have  been  used  as  dopants.  The  thin  films  have 
been  analyzed  by  X-ray  diffraction,  secondary  ion 
mass  spectroscopy  (SIMS),  Hall  measurements  as 
well  as  photoconductivity,  both  as  a  function  of 
temperature. 


2.  Experimental  procedure 

The  thin  films  have  been  grown  onto  (l(K)) 
oriented  CdTe  or  (CdZn)Te  substrates.  The  sub¬ 
strates  were  chemomechanically  polished  using  a 
bromine -methanol -ethyleneglycol  solution.  Be¬ 
fore  insertion  into  the  molecular  beam  epitaxial 
(MBH)  system,  the  substrates  were  etched  with 
HCI  and  subsequently  rinsed  in  deionized  water. 
A  heat  treatment  in  vacuum  at  ,\5()°C  for  15  min 
in  the  presence  of  a  Cd  flux  was  used  to  clean  the 
substrate  surface.  Before  the  growth  of  the  doped 
layers,  a  CdTe  buffer  of  2(K)  nm  thickness  was 
grown  at  a  substrate  temperature  of  .^I5°C.  A 
Cd  Te  compound  source  as  well  as  elemental  Mg 
and  Cd  sources  were  used. 


For  the  doping,  ZnCU  and  ZnBr,  have  been 
evaporated  from  standard  effusion  cells.  Free 
electron  Hall  concentration  as  well  as  Hall  mobil¬ 
ity  of  the  n-doped  layers  were  determined  by 
applying  the  Van  der  Pauw  method.  A  magnetic 
field  of  0.3  T  was  employed  for  this.  Photocon¬ 
ductivity  was  measured  in  a  standard  He-4  flow 
cryostat.  Light  from  a  red  light  emitting  diode 
(LED)  mounted  in  the  cryostat  was  used  for 
illumination.  X-ray  photoelectron  spectroscopy 
(XPS)  as  well  as  SIMS  measurements  were  per¬ 
formed  on  some  of  the  bromine  doped  CdTe 
layers  to  get  information  on  the  amount  of 
bromine  and  zinc  incorporated.  Positive  SIMS  for 
the  elements  Zn,  Cd  and  Te  and  negative  SIMS 
for  Te  and  bromine  were  measured.  For  low- 
concentrations  of  Zn,  it  cannot  be  evaluated  from 
positive  SIMS,  as  Zn  has  a  low  ionization  proba¬ 
bility  and  the  ion  from  the  i.sotope  ‘'^Zn*  inter¬ 
feres  with  the  doubly  charged  '■'^Te*  ^  isotope.  A 
high  resolution  5-crystal  X-ray  diffractometer  has 
been  used  for  the  structural  analysis. 


3.  Results  and  discussion 

For  the  n-doping  of  the  CdTe  base  material 
during  molecular  beam  epitaxy,  indium  has  been 
widely  used,  and  free  carrier  concentrations  in 
the  low  10''*  cm  '  range  can  be  achieved  [7.8]. 
For  higher  dopant  incorporation,  self-compensa¬ 
tion  occurs,  decreasing  the  number  of  free  carri¬ 
ers  again.  Therefore  we  have  tested  alternative 
dopants  to  possibly  circumvent  this  problem:  we 
have  recently  used  halogens  like  chlorine  and 
bromine  for  the  n-type  doping  of  CdTe  [0.10]. 
Fig.  I  shows  the  free  carrier  concentration  in 
CdTe  thin  films  as  a  function  of  dopant  source 
temperature.  The  higher  the  dopant  .source  tem¬ 
perature,  the  higher  the  incorporation  of  the 
dopants.  Results  for  both  chlorine  and  bromine 
are  shown.  Again  a  limit  for  the  free  carrier 
concentration  in  the  low  1  ()'■'*  cm  '  range  occurs 
for  both  dopants,  as  is  the  case  for  indium  dop¬ 
ing. 

In  contrast  to  indium  doping,  the  Cd/Te  ratio 
offered  during  the  MBE  growth  of  halogen-doped 
CdTe  layers  has  only  a  very  small  influence  on 


A.  Wau^  et  al.  /Journal  of  Crystal  Growth  US  ( IW4i  4/7-442 


4.'V 


the  free  carrier  concentration.  This  has  been 
checked  by  growing  samples  under  identical  con¬ 
ditions.  The  only  growth  parameter  varied  was 
the  Cd/Te  ratio.  In  one  case,  a  compound  CdTe 
source  was  used  only;  in  the  other  case  an  addi¬ 
tional  Cd  flux  was  applied  using  an  elemental  Cd 
source.  In  both  cases  an  efficient  doping  has  been 
observed.  In  the  case  of  indium,  however,  a  high 
degree  of  compensation  occurs  if  a  CdTe  com¬ 
pound  source,  which  produces  a  stoichiometric 
flux,  is  used  without  additional  Cd  flux. 

Another  result  demonstrates  again  that  the 
doping  via  halogens  does  not  critically  depend  on 
the  growth  parameters  u.sed.  In  Fig.  2  the  free 
carrier  concentration  at  room  temperature  is 
plotted  as  a  function  of  substrate  temperature. 
All  other  growth  parameters  like  dopant  and 
source  fluxes  have  been  kept  constant.  As  can  be 
seen  from  the  figure,  the  free  carrier  concentra¬ 
tion  decreases  by  less  than  a  factor  of  10  if  the 
substrate  temperature  is  increased  from  215  to 
280°C.  The  decrease  in  free  carrier  concentration 
probably  stems  from  a  decreasing  sticking  coeffi¬ 
cient  of  the  dopant  species.  From  photolumines- 
cence  studies,  no  indication  of  an  increasing  de- 
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Fig.  i.  Hall  cIcL'ioin  concentration  at  K  as  a  function  of 
dopant  source  temperature  for  ('dTe:(1  and  C'dTeiBr.  In 
both  cases  the  doping  level  cannot  be  increased  to  above 
some  Id'**  cm  Two  different  temperature  scales  are  used 
for  better  comparison  of  both  dopant  species.  The  stmree 
temperatures  do  not  only  depend  on  the  dopant  species,  hut 
also  on  the  special  design  of  the  effusion  cell  used. 
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Fig.  2.  Hall  electron  concentration  al  3tM)  K  for  C'dTe:Br  as  a 
function  of  substrate  temperature. 


feet  band,  which  would  be  a  fingerprint  of  self¬ 
compensation,  could  be  observed.  As  a  result,  a 
low  substrate  temperature  is  not  necessary  for  the 
halogen  doping  of  CdTe  during  MBE. 

Because  of  the  high  vapor  pressure  of  elemen¬ 
tal  halogens  even  at  rotrm  temperature,  we  have 
used  a  Zn-halogen  compound,  which  can  be 
evaporated  from  standard  effusion  cells.  ZnBr. 
and  ZnCU  have  been  used  for  the  doping  experi¬ 
ments.  It  is  known  that  for  not  too  high  tempera- 
ture.s.  Zn-HaK  molecules  sublime,  where  Hal  = 
chlorine  or  bromine  [I  I].  We  have  used  the  Zn- 
halogen  instead  of  the  Cd-halogen  compound  to 
get  information  on  the  Zn/halogen  ratio  incorpo¬ 
rated  into  the  CdTe  films. 

For  this  purpose,  SIMS  as  well  as  XPS  mea¬ 
surements  have  been  performed.  For  highly  doped 
CdTe.  the  concentration  of  both  Zn  and  Br  could 
be  assessed  by  XPS.  The  SIMS  data  were  then 
calibrated  by  the  XPS  data,  to  yield  a  quantitative 
estimate  of  both  bromine  and  zinc  concentrations 
as  a  function  of  bromine  source  temperature  as 
measured  by  SIMS. 

First  of  all,  SIMS  measurements  show  that  the 
halogens  are  still  incorporated,  even  if  the  free 
carrier  concentration  is  decreasing  for  higher 
dopant  cell  temperature.  This  result  clearly  shows 
that  the  decrease  in  free  carrier  concentration  for 
higher  bromine  incorporation  is  due  to  compen¬ 
sation.  The  same  is  certainly  true  for  chlorine 
doping,  but  was  not  confirmed  experimentally 
here. 
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Fij!.  3.  Mode!  tor  the  incorporation  ol  Zn- halogen  molecules 
for  the  n-type  doping  of  C’dTe:  molecules  are  impinging  onk» 
the  surface,  hut  the  constituents  are  then  incorporated  sepa¬ 
rately.  as  has  been  shown  by  XPS. 


For  the  highest  doped  sample.  XPS  experi¬ 
ments  showed  that  the  Zn/Br  ratio  in  the  CdTe 
layers  is  to  a  good  approximation  equal  to  I  /2, 
indieating  that  for  each  Zn  atom  two  bromine 
atoms  are  incorporated.  In  addition  the  chemical 
shifts  of  the  Zn  2p^  ’  photoelectron  and  the  Zn 
Auger  energy  levels  were  investi¬ 
gated.  The  binding  energy  of  1022  eV  for  the  Zn 
2p’'  -  photoclectron  and  kinetic  energy  of  987  eV 
for  the  Zn  Auger  electrons  is  clearly 

related  to  Zn-Te  and  not  to  Zn-Br  bondings, 
which  are  associated  with  energies  of  102.'?  and 
984.7  cV.  respectively. 

This  demonstrates  that  the  ZnBr.  molecule  is 
not  incorporated  into  the  CdTe  crystal  as  a  whole, 
but  is  dissociated  and  the  constituents  are 
chemisorbed  separately. 

Therefore  we  propose  the  following  model  for 
the  incorporation  mechanism  of  halogen  dopants 
by  the  Zn-halogen  compound  ZnBr,.  which  is 
illustrated  in  Fig.  .4:  The  molecular  beam  consists 
of  ZnBr,  molecules,  which  are  impinging  onto 
the  growth  surface.  There  they  are  physisorbed. 
A  dissociation  followed  by  chemisorption  is  then 
believed  to  be  the  last  step  t)f  the  incorporation 
mechanism. 

From  the  results  given  above  it  seems  that  the 
limit  for  the  n-type  doping  of  CdTe  is  an  intrinsic 
property  of  the  base  material,  and  is  not  due  to 
any  dopant  characteristic.  Nevertheless.  CdTe  can 
be  doped  reprodueibly  up  to  the  low  lO"*  cm  ' 
range,  which  is  high  enough  for  optoelectronic 
device  applications.  For  contacts  with  very  low 


contact  resistance,  however,  a  higher  doping  level 
would  be  desirable. 

Therefore,  we  have  performed  first  planar 
doping  experiments.  As  a  result  of  the  prelimi¬ 
nary  work,  planar  doping  works  at  least  as  gtxtd 
as  uniform  doping  concerning  the  effective  free 
carrier  concentration.  In  addition,  the  electron 
mobility  of  planar  doped  CdTe  layers  is  higher 
compared  to  uniformly  doped  ones.  Up  to  now 
we  could  not  increase  the  maximum  effective  free 
carrier  concentration  to  above  3  X  lO"*  cm  \ 

The  situation  is  quite  different  if  one  wants  to 
dope  ternary  CdTe-based  alloys  like  (CdMn)Te, 
(CdZnlTe  or  (CdMg)Te.  In  Fig.  4.  the  free  car¬ 
rier  concentration  at  room  temperature  is  plotted 
for  (CdMn)Te  and  (CdMg)Te  as  a  function  of 
x-value.  In  this  case  bromine  has  been  used  as  an 
n-type  dopant,  but  similar  results  have  been  ob¬ 
tained  for  chlorine  doping.  As  can  be  seen  from 
Fig.  4.  the  free  carrier  concentration  decreases 
drastically  with  increasing  .r-value.  This  is  due  to 
the  fact  that  the  shallow  donors  in  CdTe  become 
deep  donors  in  the  ternary  alloys.  A  typical  prop¬ 
erty  of  such  donors  is  a  deep-shallow  metastabil¬ 
ity  occurring  at  low  temperatures.  There  exists  a 
barrier  between  the  shallow  and  the  deep  state  of 
the  donor,  and  below  a  certain  critical  tempera¬ 
ture  the  shallow  donors  -  which  can  be  popu¬ 
lated  by  illumination  -  cannot  be  transfered  back 
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Fig.  4.  Hall  electron  concentration  at  .300  K  as  a  function  of 
the  v-value  for  (C  dMn)Te:Br  and  K'dMg)Tc:Br. 
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Fig.  5.  Rocking  curves  of  two  CdTe :  Br  thin  films.  For  highly 
doped  layers,  an  improvement  of  the  structural  quality  can  be 
observed. 


to  the  deep  donors,  leading  to  strong  persistent 
photoconductivity  effects. 

A  comparison  with  chlorine  doping  demon- 
-strates  that  the  occurrence  of  the  deep  donors  is 
a  property  of  the  donor  itself,  and  is  due  to  the 
increasing  band  gap,  which  shifts  the  DX-likc 
donor  state  into  the  band  gap  and  converts  the 
state  lying  resonant  in  the  conduction  band  for 
CdTe  to  a  deep  donor  in  the  ternary  alloys.  To 
circumvent  this  problem,  one  has  to  Ux)k  for 
other  dopant  materials,  which  do  not  exhibit 
DX-like  donor  characteristics.  Lattice  mismatch 
or  other  properties  of  the  ternary  alloy  obviously 
play  a  minor  role  for  the  occurrence  of  deep 
DX-like  donor  states. 

A  clear  influence  of  dopant  incorporation  on 
the  structural  quality  of  the  CdTe  thin  films  has 
been  seen.  In  Fig.  5,  rocking  curves  of  two  CdTe 
films  are  compared:  For  sample  ^5.^2  the  ZnBr, 
incorporation  is  approximately  lO''*  cm  \ 
whereas  sample  C'T554  has  a  ZnBr,  incorpora¬ 
tion,  which  is  one  order  of  magnitude  smaller. 
For  Cr554  an  unexpected  difference  between  the 
lattice  constants  of  substrate  and  layer  is  ob¬ 


served,  which  is  quite  typical  for  the  MBE  growth 
ol  CdTe  onto  CdTe  substrates.  This  usually  goes 
along  with  an  unusual  strain  state  of  the  CdTe 
epitaxial  layer,  and  is  described  in  detail  else¬ 
where  [12],  If  ZnBr,  is  incorporated  into  the 
CdTe  film,  the  Zn  substitutes  a  Cd  atom,  and  the 
Br  substitutes  Tc  atoms.  The  covalent  radii  of 
both  Zn  and  Br  are  .smaller  compared  to  the 
atoms  they  substitute.  Therefore,  the  lattice  con¬ 
stant  decreases  with  increasing  ZnBr,  incorpora¬ 
tion,  which  results  in  a  clear  separation  of  the 
substrate  and  layer  peaks  in  Fig.  ,b.  In  addition, 
the  FWHM  of  the  layer  peaks  decreases,  reflect¬ 
ing  a  better  structural  quality  of  the  CdTe  films 
compared  to  the  undoped  ones.  A  typical  de- 
crca.se  of  the  FWHM  of  a  factor  of  2  for  dopant 
incorporations  above  l()'''‘  cm  '  has  been  ob- 
■served  for  a  large  number  of  CdTe  thin  films. 

Obviou.sly.  even  a  very  small  amount  of  Zn  can 
stiffen  the  lattice,  so  that  a  better  structural  qual¬ 
ity  can  be  achieved.  This  effect  is  well  known  for 
the  ternary  alloy  (CdZn)Te  [1.^].  We  suggest  that 
this  effect  can  be  used  to  further  increase  the 
structural  quality  of  C'dTe  thin  films. 


4.  Summary 

We  have  investigated  the  doping  of  CdTe  and 
CdTe-based  ternary  alloys  by  chlorine  and 
bromine.  For  the  uniform  doping  of  CdTe.  a  limit 
of  the  free  carrier  concentration  in  the  low  lO'^ 
cm  '  range  exists.  This  is  the  case  for  the  dopants 
indium,  chlorine  and  bromine.  Bromine  has  been 
found  to  be  the  dopant  material  which  can  be 
u.sed  for  the  widest  range  of  growth  parameters. 
Zn-halogen  compounds  have  been  found  to  be 
suitable  for  doping  during  MBF.  A  model  for  the 
incorporation  mechanism  has  been  proposed. 
Planar  doped  CdTe  shows  a  higher  mobility  ci>m- 
pared  to  uniformly  doped  CdTe  with  the  same 
effective  free  carrier  concentration. 

For  the  doping  of  CdTe-based  ternary  alloys 
like  (CdMn)Te  and  (CdMg)Te  deep  donors  oc¬ 
cur,  leading  to  very  low  free  carrier  concentra¬ 
tions  for  higher  .v-values.  The  deep  donors  ex¬ 
hibit  a  DX-like  behavior  like  persistent  photcKon- 
ductivity  at  low  temperatures.  This  is  a  serious 
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restriction  for  the  use  of  such  ternary  alloys  in 
device  applications. 
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Abstract 

Wc  report  on  the  use  of  an  Oxford  Applied  Researeh  MPD21  Atom/Radical  RF  stturce  to  dope  C'dTe  layers 
with  nitrogen  (N).  The  layers  were  grown  in  a  VG  V8()H  MBE  system,  using  CdTe  as  the  source  material. 
Photolumineseence  (PL)  measurements  give  evidenee  of  N  ineorporaiion  in  our  CdTe:N  layers,  as  signified  by  an 
increase  in  intensity  of  the  N  aceeptor  bound  exeiton  (ABE)  line  and  the  associated  donor-acceptor  pair  (D.AP) 
band,  with  increasing  plasma  RF  power.  The  presence  of  N  was  confirmed  using  secondary  ion  mass  spectrometry 
(SIMS).  In  addition.  PL  and  SIMS  results  show  the  presence  of  significant  levels  i>f  antimony  (Sb)  in  the  N-doped 
layers.  The  Sb  acceptor  depth  was  found  to  be  >2  meV  from  observation  of  the  associated  free  to  bound  transition. 
The  unintentional  presence  of  Sb  is  tentatively  attributed  ti>  enhanced  autodoping  from  the  substrate,  caused  by  the 
presence  of  N.  Like  the  undoped  layers,  the  N-doped  .samples  are  found  to  be  n-type.  but  the  carrier  concentrations 
are  <  lO'^  cm 


I.  Introduction 

Low  resistivity  p-type  doping  of  II-VI  com¬ 
pounds  is  a  continuing  goal  of  much  research.  In 
the  ease  of  epilayers  of  CdTe  grown  by  MBE. 
reports  of  p-type  doping  are  scarce.  Sugiyama  (I] 
investigated  Cu.  As  and  Sb  doping,  but  found 
that  only  Cu  led  to  p-type  conduction  with  doping 
levels  ^5x10''’  cm  '.  whilst  Sb  doping  was 
found  to  result  in  n-type  layers.  However,  pho- 
toassi.sted  MBE  growth  has  led  to  p-type  material 
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with  hole  concentrations  of  '  5  X  H)"’  cm  ’  and 
'  6  X  11)'’*  cm  '  using  Sb  [2]  and  As  [3],  respec¬ 
tively.  Here  we  report  on  the  optical  and  electri¬ 
cal  properties  of  CdTe  layers  doped  with  nitrogen 
(N)  using  an  RF  plasma  source.  Wc  present  pho¬ 
toluminescence  (PL)  evidence  of  N  incorporation 
as  signified  by  an  increase  in  intensity  of  an 
associated  acceptor  bound  exeiton  (ABE)  line 
and  corresponding  donor-acceptor  pair  (DAP) 
band  with  increasing  plasma  RF  power.  The  pres¬ 
ence  of  N  was  confirmed  using  secondary  ion 
mass  spectrometry  (SIMS).  In  addition,  PL  and 
SIMS  also  indicated  the  presence  of  significant 
levels  of  Sb  in  the  N-doped  layers.  The  uninten¬ 
tional  presence  of  Sb  is  tentatively  attributed  to 
enhanced  autodoping  from  the  substrate  caused 
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by  the  presence  of  N  species.  In  spite  of  the 
presence  of  Sb  and  N  in  these  layers,  preliminary 
electrical  (C-f^)  measurements  have  indicated  a 
lack  of  p-type  activity. 


2.  Experimental  procedure 

The  CdTe :  N  epilayers  were  grown  in  a  VG 
Semicon  V80H  MBE  system  using  a  compound 
CdTe  source  and  a  nitrogen  atom/radical  beam 
source  (Oxford  Applied  Research.  MPD21),  op¬ 
erated  under  various  RF  excitation  powers.  The 
samples  were  grown  on  lnSb((K)l)  substrates,  pre¬ 
pared  as  previously  described  [4],  at  a  rate  of 
=  0.7  ^m/h  and  at  =  245°C;  the  structures  were 
typically  0.6  /im  CdTc:N/0.1/im  CdTe/lnSb. 

Low  temperature  (1.8  K)  photoluminescence 
(PL)  was  excited  with  the  514  nm  Ar^  laser  line 
at  -  1  Wem  ^ 


3.  Photoluminescence 


Wavelength  |A) 

Fig.  I.  L«w  temperature  (l.K  K)  PL  spectra  showing  the 
excitonic  region  of  CdTe  (a)  and  doped  CdTe:N  (b  to  d) 
layers. 


Figs.  1  and  2  show  the  excitonic  and  DAP  PL, 
respectively,  for  a  series  of  CdTe  layers.  The 
spectrum  of  Fig.  la  (2a)  was  recorded  from  an 
undoped  CdTe  layer,  whereas  the  spectra  of  Figs 
lb  to  Id  (2b  to  2d)  were  recorded  from  N-doped 
layers,  doped  at  differing  RF  source  powers.  The 
sample  of  Fig.  lb  (2b)  was  grown  without  an  RF 
discharge,  although  the  growing  layer  was  ex¬ 
posed  to  a  background  N  atmosphere  from  the 
source. 

Fig.  2  shows  a  rise,  with  increasing  RF  power, 
in  the  relative  intensity  of  DAP  emission  (and  LO 
replicas)  compared  to  the  excitonic  emission.  For 
the  sample  grown  with  an  RF  power  of  4(K)  W 
(Fig.  2d),  the  excitonic  region  is  heavily  sup¬ 
pressed. 

The  undoped  CdTe  spectrum  (Fig.  la)  shows 
the  n  =  1  free  exciton  emission  (X„  =  1)  at  1.5965 
eV  and  the  principal  bound  exciton  lines,  D",X 
and  A"|,,X,  at  1.5933  and  1.5849  eV  respectively. 
The  D",X  possibly  arises  from  diffusion  of  In 
from  the  substrate,  whilst  A"„,X  is  attributed  to 
deep  acceptor  bound  excitons,  possibly  associated 
with  cadmium  vacancies  [5].  With  increasing  RF 


1.600 


1,460 


Fig.  2.  Low  temperulure  (1.8  K)  PL  spectra  showing  the  D.\P 
region  of  CdTe  (a)  and  doped  CdTe:N  (b  to  d)  layers. 
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power,  a  relative  increase  in  an  ABE  line,  A”,,X, 
at  1.5899  eV  is  observed  along  with  a  relative 
decrease  in  the  A‘d,X  intensity.  Fig.  Ic  shows  this 
A'pX  line  to  be  the  dominant  excitonic  emission 
for  growth  with  200  W  RF  power.  In  the  400  W 
sample,  the  A'’,,X  and  D“,X  are  the  only  emis¬ 
sions  resolved  (Fig.  Id).  We  attribute  the  A“,X 
acceptor  line  to  N  and  associate  its  increase  in 
relative  intensity  to  the  increase  in  N  plasma  RF 
power.  The  concomitant  reduction  in  the  A"[j,X 
intensity  is  not  understood  at  present. 

Another  acceptor  line,  A'2,X  is  observed  at 
1.5908  eV  in  the  200  W  CdTe :  N  sample  (Fig.  Ic). 
An  acceptor  emission  near  this  energy  has  previ¬ 
ously  been  tentatively  associated  with  Sb  [6,7]. 
We  found  this  acceptor  line  and  an  associated 
DAP  band  (see  below)  to  be  dominant  in  CdTe 
epilayers  doped  with  an  Sb  source.  In  addition, 
SIMS  measurements  (below)  for  the  sample  of 
Fig.  3c  (3d)  show  significant  incorporation  of  Sb 
into  this  layer  and  we  therefore  associate,  with 
some  certainty,  the  A'j.X  line  at  1.5908  eV  with 
Sb. 

We  attribute  the  DAP  emissions  observed  at 
1.548  eV  and  1.544  eV  (fig.  2)  to  Sb  and  N 
acceptors  respectively.  These  assignments  are 
consistent  with  the  presence  of  their  respective 
excitonic  emissions  and  with  the  impurity  depth 
of  both  acceptors,  as  discussed  below. 

In  order  to  investigate  the  higher  energy  DAP 
emission  further,  low  excitation  intensity  (().(M)5 
W  cm  “)  PL  spectra  were  taken  at  different 
temperatures  (Fig.  3).  With  increasing  tempera¬ 
ture.  a  high  energy  emi.ssion  at  1.554  eV  appears. 
This  emission  is  attributed  to  a  free  to  bound 
transition,  e.A',,  associated  with  Sb  acceptors. 
The  binding  energy  of  the  acceptor  is  given  by 

E^  =  £,-E(e,A\)  +  U7;, 

where  is  the  CdTe  band  gap  (1.606  eV  at  2.0 
K)  and  T^.  is  the  equilibrium  temperature  of  free 
electrons  in  the  lattice,  assumed  to  be  close  to  the 
lattice  temperature  (1.8  K)  because  of  the  low 
excitation  intensities  u.sed  (0.(X)5  W/cm  ’).  This 
gives  an  acceptor  depth  of  52  meV  for  Sb,  which 
compares  with  a  value  of  49  meV  found  in  a 
similar  way  and  attributed  tentatively  to  Sb  by 
Francou  et  al.  [6].  Similar  DAP  studies  on  N 


Energy  (meV) 

1.560  ^  1.500 


Fig.  .S.  Temperature  dependence  of  the  DAP  emission  at  low 
excitation  intensity  (O.OD.S  W  cm  - ).  The  emergence  of  a  free 
to  bound  emission  (e.  A"  )  associated  with  Sb  acceptors  is 
observed  with  increasing  temperature. 

implanted  CdTe.  by  Molva  et  al.  [8],  found  the  N 
acceptor  depth  to  be  56  meV. 


4.  Secondary  ion  mass  spectrometry 

Secondary  ion  mass  spectrometry  (SIMS)  mea¬ 
surements  were  performed  using  a  10  keV,  0.1 
/iA  Cs*  ion  beam,  with  negative  ion  detection, 
'“'Sb  for  antimony  and  ( '’"Te  -t-  '^N)  for  nitrogen. 
The  SIMS  profiles  were  calibrated  u.sing  CdTe 
layers  implanted  with  N  and  Sb. 

The  SIMS  profile  for  a  CdTe ;  N  epilayer  doped 
at  2(K)W  RF  power  is  shown  in  Fig.  4.  Similar 
profiles  were  found  for  other  layers  grown  with 
the  plasma  doping.  For  those  samples  grown 
without  an  RF  discharge,  Sb  and  N  signals  were 
not  detected  above  background  levels  ( ~  ( 1  -  3) 
X  10'’  cm  ’).  Referring  to  Fig.  4,  the  N  concen¬ 
tration  over  the  initial  ~  1000  A  CdTe  layer 
grown  without  an  RF  discharge  is  low.  but  rises 
sharply  at  the  point  at  which  the  RF  discharge 
was  switched  on.  However,  this  ri.se  is  accompa- 
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Depth  (microns) 

Fig.  4.  SIMS  profile  for  u  doped  CdTe;N  epilayer.  The 
apparent  increase  of  N  and  Sb  in  the  near  surface  region  is 
believed  to  be  an  artefact  of  the  SIMS  measuremenl. 

nied  by  a  rise  in  the  Sb  signal.  Later  in  the 
growth,  both  the  N  and  Sb  signals  drop  down  to 
background  levels  almost  simultaneously.  We  note 
that  no  evidence  was  found  in  our  SIMS  mea¬ 
surements  to  indicate  the  effects  of  any  transient 
plasma  state  which  might  occur  during  switch  on. 
The  trends  of  Fig.  4  were  confirmed  by  PL  which, 
after  etching  away  2000  A,  showed  a  relative 
increa.se  in  the  intensity  of  N  and  Sb  DAP  emis¬ 
sions  compared  to  the  excitonic  cmi.ssions,  and.  in 
the  excitonic  region,  a  relative  rise  in  both  Sb  and 
N  ABEs. 

Fig.  4  suggests  that  co-doping  occurs  in  these 
layers,  whereby  N  incorporates  efficiently  only  in 
the  presence  of  Sb.  Evidence  for  the  source  of  Sb 
comes  from  previous  Raman  studies  which  indi¬ 
cated  the  presence  of  an  In.Tc,  and  elemental 
Sb  interface  layer  caused  by  a  chemical  reaction 
between  the  epilayer  and  substrate  [9],  We  sug¬ 
gest  that  the  elemental  Sb  segregates  on  the 
surface  of  the  growing  layer  throughout  deposi¬ 
tion,  and  is  only  incorporated  significantly  when 
the  N  plasma  .source  is  used.  N-doping  tKcurs 
until  the  surface  layer  of  Sb  becomes  depleted, 
i.e.  when  the  supply  of  Sb  ends,  the  incorporation 
of  N  drops  significantly.  The  integrated  Sb  dose 
in  the  sublayer  region  was  ~  10'“'  cm  ’  for  all 
RF  powers.  This  corresponds  to  the  segregation 


of  approximately  one  quarter  of  a  monolayer  of 
Sb. 

5.  Electrical  measurements 

Owing  to  the  high  conductivity  of  the  InSb 
substrate,  C-V  measurements  were  employed  to 
determine  the  nature  and  the  concentration  of 
free  carriers  in  the  epilayer.  Layers  grown  with¬ 
out  deliberate  doping  were  found  to  be  n-type 
with  carrier  densities  up  to  4  X  lO''  cm“ This  is 
assumed  to  be  due  to  diffusion  of  In  from  the 
substrate  during  growth  and  is  therefore  linked  to 
the  same  donors  responsible  for  the  prominent 
D**,X  PL  emission.  For  all  the  N  doped  samples, 
the  /~L  characteristics  of  the  Schottky  junctions 
(formed  for  the  C-V  measurements)  have  indi¬ 
cated  that  the  semiconductor  retains  an  n-type 
character  but,  in  each  case,  the  free  carrier  con¬ 
centration  is  so  low  that  the  depletion  layer  ex¬ 
tends  throughout  the  full  width  of  the  layer  giving 
a  voltage-independent  capacitance  set  by  the  layer 
thickness.  It  follows  that,  for  layers  ~  0.7  ixm 
thick,  the  effective  shallow  donor  concentration 
must  be  <  10'“'  cm  Thus,  it  is  clear  that  the 
incorporation  of  nitrogen  leads,  at  most,  to  a 
partial  compensation  of  the  residual  In  donors 
indicating  that  most  of  the  N  is  electrically  inac¬ 
tive.  To  explain  this  observation  it  is  nece.ssary  to 
consider  the  sites  on  which  the  N  is  distributed 
and  al.so  the  role  played  by  both  native  point 
defects  and  extended  defects.  The  latter  are 
known  to  arise,  particularly  in  the  vicinity  of  the 
epilayer-substrate  interface,  from  relaxation  of 
strain  resulting  from  the  lattice  mismatch  at  that 
interface.  Such  defects  could  provide  a  sink  for 
dopants  as  has  been  previously  discussed  [10]. 

6.  Conclusion 

We  have  used  PL  and  SIMS  to  confirm  the 
pre.sence  of  N  in  CdTe :  N  layers  doped  using  an 
RF  pla.sma  .source.  In  addition,  the  incorporation 
of  Sb  was  also  confirmed,  and  attributed  to  a 
co-doping  prix:ess  related  to  use  of  the  N  plasma 
source.  An  acceptor  binding  energy  of  52  meV 
was  obtained  for  Sb  acceptors,  determined  from 
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observation  of  the  associated  free  to  bound  tran¬ 
sition.  Electrical  measurements  found  all  doped 
layers  to  be  n-type,  with  carrier  concentrations 
<  10'^  cm"’. 
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Abstract 

The  impurities  in  ZnSc  layers  grown  by  metalorganic  vapour  phase  epitaxy  (MOVPE)  on  (1)01)  GaAs  have  been 
investigated  by  photoluminescence  (PL)  and  secondary  ion  mass  spectrometry  (SIMS)  measurements.  The  layers 
grown  with  the  alkyl  combination  methylallylselenide/  diethylzinc  (MASc/DEZn)  exhibit  the  incorporation  of  C  and 
H  detected  by  SIMS.  The  use  of  helium  instead  of  the  hydrogen  carrier  gas  increases  the  incorporation  of  C  and  H. 
At  very  high  concentrations  (H  =  10^'  cm  ')  a  new  PL  peak  at  2.786  eV  appeared.  The  mass  spectroscopic 
investigation  of  the  pyrolysis  of  MASe  revealed  a  simple  bound  cleavage  as  the  dominant  mechanism  which 
generates  the  intermediate  species  SeCH  ,.  The  following  extrinsic  impurities  were  found  in  the  layers:  (I)  Cu  from 
the  growth  system  (PL.  SIMS):  (2)  halogen  (Br  and  1)  from  the  Se  source  (PL.  synthesis.  SIMS);  (.3)  oxygen  from  the 
system  or  carrier  gas  (SIMS):  (4)  Te  from  former  ZnTc  growth  (SIMS):  (5)  As  and  Ga  from  the  substrate  (SIMS). 
The  layers  grown  with  the  alkyl  combination  ditertiarybutylselenide/ dimcthylzinc-tricthylaminc  (DTBSe/DMZn- 
TEN)  show  weak  contaminations  by  C  and  H  as  detected  by  SIMS.  The  mass-spectroscopic  investigation  of  the 
pyrolysis  of  DTBSe  revealed  H,Se  and  elemental  Sc  as  products  from  parallel  mechanisms.  The  volatile  alkyls 
isobutane  and  isobutene  arc  found  as  reaction  products.  The  role  of  the  Zn  alkyl  as  the  source  of  the  C  and  H 
incorporation  is  not  yet  clarified.  The  following  extrinsic  impurities  were  found  in  the  layers:  (1)  Cu  from  the  growth 
system  (SIMS);  (2)  cither  A1  or  Cl  as  a  donor  (PL);  (.3)  O  from  the  system  or  carrier  gas  (SIMS);  (4)  S  possibly  from 
substrate  preparation  (SIMS);  (5)  As  and  Ga  from  the  substrate  (PL.  SIMS).  However,  the  layer  purity  is  already 
sufficient  for  first  doping  experiments.  With  P  doping,  a  hole  concentration  of  !()''  cm  ’  is  achieved. 


I.  Introduction 

Metalorganic  vapour  phase  epitaxy  (MOVPE) 
plays  an  important  role  in  the  growth  of  ZnSc  as 
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well  as  other  ll-Vl  materials.  The  reports  on 
successful  p-type  doping  of  ZnSe  in  MOVPE 
(e.g.,  ref.  [1];  for  a  comprehensive  study,  see  ref. 
[2])  open  the  way  to  a  production  of  ZnSc -based 
optoelectronic  devices  by  this  well-established 
growth  technique.  The  improvement  of  the  mate¬ 
rial  quality  of  the  ZnSc  layers  is  the  main  inter¬ 
est.  Here,  the  chemistry  of  the  metalorganics 
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greatly  influences  the  growth  kinetics  and  there¬ 
fore  the  purity  and  crystallinity  of  the  grown 
films.  Especially,  the  incorporation  of  intrinsic 
impurities  like  hydrogen  and  carbon  is  greatly 
dependent  on  the  detailed  dissociation  mecha¬ 
nisms  and  kinetics. 

In  the  development  of  suitable  selenium  pre¬ 
cursors,  the  lowering  of  the  growth  temperature 
and  the  replacement  of  the  highly  toxic,  high 
vapour  pressure  H;,Se  is  a  major  challenge.  Fol¬ 
lowing  the  stability  order  of  the  radical  hydrogen 
bond  strength  of  hydrocarbons,  one  expects  rela¬ 
tively  low  di.s.sociation  temperatures  for  butyl-  or 
allyl-based  metalorganics.  In  the  case  of  tellurium 
alkyls,  the  decrease  of  thermal  stability  with  an 
increasing  number  of  hydrocarbon  radicals  di¬ 
rectly  attached  to  the  central  carbon  atom  bound 
to  Tc  is  well  maintained  [3]. 

Methylallylselenide  (MASe)  was  first  used  by 
Giapis  et  al.  [4]  in  combination  with  dimethylzinc 
(DMZn)  to  grow  epitaxial  ZnSc.  Surprisingly,  they 
needed  relatively  high  growth  temperatures  ( = 
52()°C)  and  found  high  concentrations  of  carbon 
(>  10'"  cm-’).  A  peak  at  2.7<)20  eV  in  their  PL 
spectra  was  first  attributed  to  the  C  incorpora¬ 
tion.  New  investigations  support  a  strain  shili  of 
the  light  hole  component  of  the  ordinary  neutral 
donor  bound  exciton  peak  (I',*')  [5]. 

In  .1  preceding  publication  [6]  we  reported  on 
initial  growth  results  with  diterliarybutylselenide 
(DTBSe).  In  combination  with  the  dimethylzinc- 
triethylamine  adduct  (DMZn-TEN)  the  growth  of 
ZnSe  layers  at  temperatures  as  low  as  330''C  was 
achieved.  The  layers  showed  good  structural  and 
optical  properties.  However,  a  residual  chlorine 
contamination  originating  from  the  DTBSe  syn¬ 
thesis  was  found. 

Here,  we  present  a  more  detailed  investigation 
of  the  impurity  incorporation  in  ZnSe  layers 
grown  with  the  alkyl  combinations  DTBSe/ 
DMZn-TEN  (Morton/ Epichem)  and  MASe/ 
DEZn  (SMI/SMI).  The  layer  impurities  were 
identified  with  the  help  of  low  temperature  pho¬ 
toluminescence  (PL).  Secondary  ion  mass  spec¬ 
trometry  (SIMS)  gave  additional  information.  The 
reaction  mechanisms  of  the  alkyl  pyrolysis  was 
investigated  by  mass  spectroscopy  in  an  isother¬ 
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mal  reactor.  The  discussion  of  the  type  and  origin 
of  the  contamination  concludes  the  paper. 

2.  Experimental  details 

All  layers  were  grown  on  semi-insulating  (100) 
GaAs  substrates.  The  growth  with  MASe  was 
performed  in  a  experimental  reactor  cell  with 
downward  flow  on  a  graphite  susceptor  placed  in 
the  centre  of  a  cylindrical  quartz  tube.  The  stan¬ 
dard  parameters  were  as  iollows:  total  H ,  flow  1 
SLM  (standard  liter  per  minute).  =  1  atm. 
Pmasc  =  20  Pa  and  The  growth 

with  DTBSe  and  DASe  was  performed  in  a  com¬ 
mercial  horizontal  flow  reactor  (Aixtron)  with  a 
SiC  coated  susceptor.  The  standard  parameters 
were  as  follows:  total  H ,  flow  7  SLM.  p„„  =  1 

atm,  PiyiKSc  ~  PpM/n-II  n  ~  P*  P^- 

photoluminescence  spectra  of  the  layers  grown 
with  MASe  were  measured  at  2  K  with  an  excita¬ 
tion  wavelength  of  488  nm  and  a  power  of  10  mW 
focused  on  a  small  spot.  The  photoluminescence 
spectra  of  the  layers  grown  with  DTBSe  were 
taken  at  2  K  using  the  UV  lines  of  an  argon  ion 
laser  for  excitation.  The  luminescence  was  anal¬ 
ysed  with  a  1  m  double  monochromator.  The 
reaction  mechanisins  and  the  kinetics  were  mea¬ 
sured  in  an  isothermal  reactor  (quartz  tube  with  a 
diameter  of  10  mm  and  28  cm  length).  The  reac¬ 
tion  products  were  sampled  by  a  capillary  tube 
behind  the  hot  zone.  The  mass  spectra  were 
taken  with  a  VG  mass  spectrometer  (mu  1-400). 
An  electron  energy  of  70  eV  was  chosen  for  the 
ionization.  The  SIMS  spectra  were  taken  with  a 
Cameca  IMS  4F  system.  The  primary  ion  used 
was  Cs‘  with  14.5  keV. 

3.  Results  with  MASe 

The  structure  and  crystallinity  of  the  samples 
grown  with  the  alkyl  combination  MASe/ DEZn 
can  be  briefly  characterized  as  follows.  Best  re¬ 
sults  were  achieved  at  growth  temperatures 
around  5(K)°C  with  an  inlet  partial  pressure  ratio 
Vl/ll=2.  Layers  with  thicknesses  of  =4  /xm 
have  a  weakly  developed  “orange  peel"  structure 
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with  sonic  surface  particles  (</  <  5  yum)  indicating 
the  start  of  gas  phase  nucication.  Doublc-cr>'slal 
X-ray  diffraction  studies  of  the  ZnSe  layers  grown 
on  (lOtDGaAs  revetil  a  decrease  of  the  f-WUM 
with  the  thickness  for  d  >  0.5  /am.  The  layers 
reach  fiiMiurable  values  of  150  arc  sec  at  4.7  /rm 
which  are  comparable  with  best  results  in  the 
literature  (e.g..  ref.  [7]). 

/'/.  results:  l.ow  temperature  PI.  spectra  (2  K) 
ot  the  samples  grown  under  various  conditions 
with  MASe/DPZn  were  recorded.  In  l-'ig.  I  the 
PI.  spectra  of  samples  grown  under  H,  or  He 
carrier  gas  are  presented  with  a  logarithmic  in¬ 
tensity  scale.  We  will  first  focus  our  discussion  on 
the  samples  grown  under  H ..  The  strain-split 
free  excitrins  and  K’^)  appear  :it  the  usual 
positions  for  ZnSe/fiaAs  grown  in  this  tempera¬ 
ture  range.  Additionally,  all  ot  the  layers  dis¬ 
cussed  in  this  section  have  thicknesses  around  4 
/im  ;md  can  be  regarded  ;is  hirgely  rekixed  by 
disic'ctitions  iit  T  he  K  and  I  -  lines  are  due  to 
a  donor  bound  exciton  (D".  .\)  which  max  be 
thernmilx  strain  split  (.s|.  I'ew  samples  show  a 
shoukler  at  I  ,  to  lower  energies  or  a  weak  peak. 


I  .j  .  Hf 


:  h.  •  .1.  -  '  .  '..■•x  ) 

[  1^  I  IM  ''[ifklid  .i(  '  K  ( f.rAs  s.jmpk's  wilh 

VtASc  1)1  /h  .iI  ■^’(I  (  \Mlh  \  1  II  ’  .mil  iltlKrcnl  i.miii 
H  I  ■.  I  .iiul  I  ;  .ifc  JiK-  l»»  .»  dnnm  l>(>iiiut  I'xcMon  I'l’ 
IS  no(  .ipp.ifiTil  Ml  (Ills  spi'ciruni.  Inii  iloniin.tiu  iinilci  ilillcrciii 
iirnvsth  itukIiImhis  Ij  '  is  mi*I  uli-nlilicil  and  masked  In  I',’  m 
iiiosi  spciira  lie,  A  hfoad  I  -  peak  Imm  (he  ilom>r  emilam* 
naliDii  IS  (fhseixed.  \  iievs  esen  hf»i,;der  emisM»»n  iHcurs  al 
atMHil  -  e\  ll  IS  iu»t  vel  ideiililied.  bill  mi|!hl  be  et>n- 
neilei)  in  ilu‘  liieh  levels  of  luihn^en  and  eaibnn  ine(irptM«i 
iMMi  Inund  In  SIMS  fiieasiiiemenls 


l  ii:.  IM  speelra  al  ^  k  Um  /nSe  (ia  \s  mifi  1/  s  4  ^iiii 
trnnvn  al  vlilleieni  MASe  paitial  [Vessures  (!'  'fi  IVi.  ^ 
III  ba)  al  5011  (  ,  ,\l  htjjh  \  I  )  i  \  . lilies  I  he  haioeen  coiiiami 
nalion  ot  ihe  ‘  ..\Se  causes  llie  d»»miii.inee  I'l  I  •  The  imein 
ihe  1;  peak  inav  be  a  \ /..-assneialed  aeeeploi  ileleel  01  i(  is 
an  i.W  \ie»>mple\  inlrodik  d  In  deep  C  u  asAe\'U^ls 


In  this  extnnple  the  position  of  ihis  signal  is  found 
at  2.7n2l  I )  e\  .  peak  near  thiv  pi'sition  max  be 
interpreted  as  the  recombination  ot  excitonv 
bouiul  to  ioni/ed  shalloxx  donors  (I;)  |S).  An 
interpretation  in  terms  of  a  strain-shifted  I lu  n- 
tral  iloni'r  bound  exciton  ([5])  seems  less  probal  le 
(three  I  -  peaks  I  ’).  T  he  peak  li'  does  not  appear 
clearly  m  the  spectra  of  l  ig.  1.  but  is  dominant  in 
the  spectra  of  certain  samptes.  Its  origin  max  tie  a 
V/„-assoeiated  acceptor  defect  or  it  is  an  (.\'.  ,\) 
complex  introduced  by  deep  I'u  acceptor',  (.sj. 
T  he  peak  Ij''  is  not  xet  identified  and  is  masked 
by  I','  in  most  ot  the  spectra. 

In  l  ig.  2  the  I’l.  spectra  of  s.miples  groxxn  xxith 
MA.Se  partial  pressures  from  15  to  51)  I’a  (/'m/,, 

It)  t’a)  are  shoxxn.  In  all  spectra  xxeak  free 
excitons  ;uul  the  T,,  line  originating  from  disloca¬ 
tions  are  xisible,  l  urtherrnore.  phonon  replicas 
from  the  Y,,  and  the  1','  lines  can  be  eleaiTx 
obserxed. 

A  pronounceil  change  of  the  dominant  peak 
from  the  I','  line  to  I ,  at  higher  \  I  II  ratios  is  the 
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characteristic  feature  of  this  series  of  spectra. 
The  question  of  the  particular  interface  vapour 
pressures  of  the  elements  ami  their  ratio  which 
determines  the  stoichiometry  of  the  growing  crys¬ 
tal  cannot  be  answered  at  this  point.  However, 
the  disappearance  of  the  I)’  peak  and  the  domi¬ 
nance  of  the  I.  peak  under  Zn-poor  conditions 
make  an  attribution  of  If  to  less  likely. 
Copper  contaminiition.  probably  from  the 
MOVPC  system,  must  be  assumed.  At  higher 
MASe  partial  pressures,  contamination  by  a  donor 
appears  which  we  attribute  to  a  halogen  impurity 
in  the  precursor.  The  MA.Se  was  synthesized  with 
the  help  of  bcith  iodine  and  bromine  alkyls. 

Furthermore,  the  so-called  green  cr)pper  DAP 
luminescenee  (2.2.s2  eV)  appears  in  the  samples 
with  the  additional  strong  demor  contamination. 
Self-activated  luminescence  appears  at  low  and  at 
high  growth  temperatuies  (4.s(l  and  5.Sl)°0. 

PI.  spectra  were  recorded  from  samples  grown 
under  standard  cttnditions  (.SOtfC.  Vl/ll  =  2).  but 
with  He  as  ;i  ettrrier  gas.  The  layers  showed  a 
degraded  inhomogeneous  morphology  and  weak 
luminescence  signals.  In  the  PL  spectrum  of  one 
sample,  ;t  brotid  emission  ;tt  2.78b  eV  appears 
(sec  Fig.  1:  He.  F").  The  brottd  I  .  peak  origi- 
ntttes  probably  again  from  the  halogen  contami¬ 
nation  of  the  Sc  precursor,  fhe  emission  at  2.7Sb 
c\  is  not  yet  identifieil.  Regarding  the  SIMS 
results,  one  might  ask  whether  the  formation  of  a 
C-ll  complex  is  possible  and  likely  at  such  high 
concsiitrations  of  hydrogen  tind  carbon,  A  com¬ 
plex  like  C-H  could  gi\c  rise  to  a  relative  shallow 
donor  or  ticceptor  (e.g.  (■  or  >  and 

could  well  act  as  a  center  for  cxciton  recombina¬ 
tion. 

SIMS  rcMilis:  Our  SIMS  spectra  show  clearly 
that  the  ctirbon  incorportition  is  accompanied  by 
hydrogen.  Fig.  S  disphiys  the  absolute  concentra¬ 
tions  of  hydrogen  in  Z.nSe  layers  grown  under 
either  hydrogen  or  helium  carrier  gas.  The  high 
hydrogen  concentration  of  Id'''  cm  '  e.xceeds  Id'" 
cm  '  under  lie  carrier  gas.  Correspondingly,  the 
carbon  concentration  is  increased  by  one  order  of 
magnitude.  I  his  indicates  a  contribution  of  the 
II  .  carrier  gas  to  the  decomposition  and  growth 
processes.  In  both  samples,  oxygen  and  arsenic 
were  found  as  further  impurities. 


i 


H 


Fi|*.  .V  SIMS  spL'kira  ot  l\vi>  samples  grown  with  MASe 
in  IK  or  He  as  the  carrier  gas  (.■'iKi  ('.  VI  II  =  2).  Ohserva- 
lions;  tU  The  incorporation  ol  C‘  is  accompanied  b\  II,  (2) 
The  hvdrogen  level  under  Hs  carrier  gas  is  as  high  as  10'“ 
altmi-s/cnT.  O')  The  impiirii>  level  increases  about  (*ne  order 
ol  magnituiie  under  He  carrier  gas.  The  curve  »'t  hvdrogen  is 
no  more  quantitative  in  the  substrate  region! 


A  sample  grown  at  .s.sd'C  was  investigated  by 
mass  scans  for  further  impurities.  Beneath  the 
already  discussed  impurities,  a  weak  contamina¬ 
tion  by  Cu  is  found  which  confirms  the  PL  re¬ 
sults.  Some  tellurium  was  detected  which  stems 
presumably  from  former  Znl'e  growth  experi¬ 
ments.  The  Se  is('t('pcs  rendered  a  clear  identifi¬ 
cation  of  Br  difficult  (oxcriap  with  SeH  masses). 
No  metisuremcnt  of  C'l  was  possible  because  of  a 
contamination  of  the  SIMS  recipient.  Finally, 
weak  signals  for  1  and  Cia  were  found  in  the  mass 
scans. 

Rciii  iuin  mcchiinisnis:  The  thermal  dissociation 
of  MASe  investigated  by  mass  spectroscopy  will 
be  described  in  detail  in  a  forthcoming  paper. 
Fhe  dominant  reaction  mechanism  was  found  as 
follows.  The  increase  of  the  l..''-hexadiene 
concentration  with  the  dissociation  of 
MASe  clearly  indicates  the  recombination  of  two 
ally!  radicals.  The  radicals  are  generated  in  a 
simple  bond-break  mechanism; 

C',H.  Se-C'H,  --CLH,  ■  +  ■  SeCH  ,. 

The  carrier  gas  hydrogen  reduces  the  contamina¬ 
tion  by  carbon  and  hydrogen  but  does  not  elimi¬ 
nate  it  (SIMS).  These  results  might  be  brought 
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Fig.  4.  PL  spectra  at  2  K  of  ZnSc/GaAs  samples  with 
ilifferent  thicknesses  grown  with  DTBSc  at  .44t)”C.  The  l> 
donitr  contamination  is  masked  by  the  I ,  peak  of  an  acceptor 
with  increasing  thickness.  The  donor  may  be  either  Al  or  Cl. 
whereas  the  acceptor  stems  from  the  outdiflusion  of  As  from 
the  substrate  along  the  dislocations. 


into  context  as  follows.  The  radical  CH,-Se' 
chemisorbs  and  leads  to  a  partly  incorporation  of 
hydrogen  and  carbon.  Possibly  a  C-H  complex  is 
generated  after  the  release  of  Hs.  Hydrogen  car¬ 
rier  gas  supports  the  formation  of  CHj  which  is 
easily  desorbed  from  the  surface. 


4.  Results  with  DTBSe 

The  structure  and  crystallinity  of  the  samples 
grown  with  the  alkyl  combination  DTBSe/ 
DMZn-TF.N  can  be  briefly  characterized  as  fol¬ 
lows,  Best  results  were  achieved  at  growth  tem¬ 
peratures  around  .t.4()°C  with  VI/Il=.f.  Layers 
with  =  1  /cm  have  a  weakly  developed  "orange 
peel"  structure.  Double-crystal  X-ray  diffraction 
studies  of  the  ZnSe  layers  grown  on  UtHDGaAs 
reveal  the  expected  decrease  of  the  LWHIVI  with 
the  thickness  for  d  >  0.5  /cm.  Layers  with  a  thick¬ 
ness  of  .4  /( m  show  values  (if  FWMM  =  2.*>0  arc 
sec. 

PI.  results:  In  Fig.  4  the  spectra  of  ZnSc/(iaAs 
with  three  different  thicknesses  (I,  2  and  7>  /cm) 
are  shown  (growth  times;  i-.4  h).  The  free  exci- 


tons  are  weakly  developed  in  all  three  spectra.  In 
the  spectra  of  the  1  /am  thick  sample  a  donor 
bound  exciton  H  (D",  X)  at  2.795  eV  is  domi¬ 
nant.  Even  in  a  logarithmic  presentation  the  H  or 
I,  are  not  visible.  In  resonant  PL  measurements 
we  determined  the  ls-2s  energy  difference  of  the 
donor  states  to  be  !9.5  meV.  This  value  allows  an 
attribution  of  the  donor  to  either  Cl  or  Al  [9].  In 
the  spectrum  of  the  thicker  sample  (3  /am),  the  I , 
peak  has  nearly  vanished  and  an  acceptor  bound 
exciton  I,  (A".  X)  at  2.791  eV  is  dominant.  This 
value  is  in  good  agreement  with  the  recombina¬ 
tion  energy  of  the  acceptor  bound  excitons  in 
arsenic  doped  samples  [9].  The  sample  with  2  /am 
thickness  represents  an  intermediate  case.  The 
slight  shifts  (  <  2  meV)  of  the  I,  and  1,  peaks  in 
the  spectra  arc  due  to  the  change  of  the  relax¬ 
ation  with  layer  thiekness. 

This  change  from  a  donor  to  an  acceptor  im¬ 
purity  with  the  layer  thickness  can  be  explained 
as  follows.  A  residual  donor  contamination  is 
masked  in  thicker  layers  by  the  dislocation  en¬ 
hanced  arsenic  outdiffusion  from  GaAs.  It  should 
be  noted,  that  GaAs  substrates  of  identical  stoi¬ 
chiometry  were  chosen  for  this  experiments  (see 
ref.  [10]). 

SIMS  results:  Preliminary  measurements  of 
samples  grown  at  .34()''C  reveal  weak  concentra¬ 
tions  of  C  and  H  which  are  constant  througthout 
the  layer  depth  (detection  limits  in  the  order  of 
lO'^-lO"'  cm  ').  Clear  signals  were  detected  for 
O.  As  and  S.  and  weak  signals  were  found  for  Ga 
and  Cu.  As  already  mentioned,  no  measurement 
of  Cl  was  possible.  No  clear  indications  for  Al 
and  N  (SeN)  were  found  in  the  mass  scans. 

Reuetion  nieehaiiisms:  From  the  mass  spectro¬ 
scopic  investigation  we  can  draw  the  following 
conclusions.  The  thermal  dissociation  of  DTBSe 
proceeds  mainly  via  a  two-step  mechanism.  In  a 
first  /3-eIimination  tertiarybutylselenol  is  formed. 
It  decomposes  into  equal  parts  by  a  second  fi- 
climination  or  by  a  release  of  elemental  Se.  The 
generated  alkyls  isobutane  and  isobutene  are 
volatile  and  are  not  suspected  to  lead  to  carbon 
incorporation.  The  disstx-iation  temperature  is 
found  to  be  drastically  reduced  by  the  catalysis  of 
a  ZnSe  surface.  The  obseaed  prercactions  of  the 
butyl-based  selenium  alkyls  with  common  Zn 
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alkyls  can  be  completely  eliminated  by  the  use  of 
the  amine  adduct  DMZn-TEN.  Investigations  of 
this  surface  catalysis  in  conjunction  with  the 
copyrolysis  of  appropriate  cation  precursors  are 
currently  undertaken.  These  might  reveal  the  ori¬ 
gin  of  the  C  and  H  incorporation. 


5.  Conclusions 

The  two  selenium  alkyls  DTBSe  and  MASe 
were  investigated  for  their  suitability  in  the  growth 
of  high  purity  ZnSe  layers.  The  origins  of  most  of 
the  found  impurities  could  be  clarified. 

With  the  alkyl  combination  MASe  and  DEZn, 
layers  of  ZnSe  on  GaAs  with  good  morphology 
and  structural  quality  have  been  grown.  The  PL 
at  2  K  shows  strong  near-band-edge  emissions. 
But  the  high  growth  temperature  already  indi¬ 
cates  a  problem  in  the  dissociation  of  the  MASe. 
Furthermore,  high  levels  of  carbon  and  hydrogen 
are  found  in  the  layers.  The  investigation  of  the 
reaction  mechanisms  reveals  the  simple  bond 
breaking  as  the  dominant  pyrolysis  mechanism. 
The  intermediate  species  SeCH ,  is  obviously  re¬ 
sponsible  for  the  incorporation  of  hydrogen  and 
carbon  detected  by  SIMS.  Furthermore,  a  new 
peak  l‘"  at  2.786  eV  appears  in  a  layer  with 
strong  hydrogen  ( Id’"  cm  *)  and  carbon  contam¬ 
ination.  The  following  extrinsic  impurities  were 
found  in  the  layers:  (1)  Cu  from  the  growth 
system  (PL.  SIMS);  (2)  halogen  (Br  and  I)  from 
the  Sc  source  (PL.  synthesis,  SIMS);  (,f)  oxygen 
from  the  system  or  carrier  gas  (SIMS);  (4)  Te 
from  former  ZnTe  growth  (SIMS);  (5)  As  and  Ga 
from  the  substrate  (SIMS),  However,  the  intrinsic 
contamination  by  C  and  H  and  the  high  growth 
temperatures  are  obviously  the  most  severe  hin¬ 
drances  in  the  growth  of  ZnSe  with  MASe. 

With  the  alkyl  combination  DTBSe  and 
DMZn-TEN.  the  growth  of  ZnSe  on  GaAs  at 
temperatures  as  low  as  .42()°C  is  po.ssible.  The 
layers  show  a  very  good  surface  morphology  and 
crystal  structure  [6].  In  the  thermal  dissociation  »)f 
D'FBSe  fj-elimination  mechanisms  play  an  imprtr- 
tant  role.  No  species  known  for  carbon  incorpora¬ 
tion  was  observed,  but  in  preliminary  SIMS  mea¬ 
surements  contamination  by  C  and  F’  could  be 


detected.  The  investigation  of  the  co-pyrolysis 
with  appropriate  Zn  precursors  might  clarify  the 
origin  of  this  contamination.  The  following  ex¬ 
trinsic  impurities  were  found  in  the  layers:  ( 1)  Cu 
from  the  growth  system  (SIMS);  (2)  either  Al  or 
Cl  as  a  donor  (PL);  (3)  O  from  the  system  or 
carrier  gas  (SIMS);  (4)  S  possibly  from  substrate 
preparation  by  H^SOY.’  (SIMS);  (5)  As  and  Ga 
from  the  substrate  (PL,  SIMS).  However,  the  I, 
peak  from  the  (A".^,..  X)  emission  can  already 
mask  the  L  peak  from  the  (D|'|.  X)  emission. 
This  indicates  a  relative  weak  residual  donor  con¬ 
tamination.  On  this  basis  a  successful  p-type  dop¬ 
ing  of  ZnSe  in  the  MOVPE  is  possible.  Initial 
doping  experiments  with  phosphorus  resulted  in 
hole  concentrations  up  to  lO'-'  cm  Details  of 
these  experiments  will  soon  be  published. 

According  to  Skromme  et  al.  [5],  the  incorpo¬ 
ration  of  carbon  in  MOVPE  ZnSe  growth  does 
not  influence  the  optical  properties  of  the  mate¬ 
rial.  Here,  we  have  shown  that  the  discussion  has 
to  be  extended  to  the  properties  of  C  and  H 
incorporated  in  MOVPE  growth  of  ZnSe. 
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.Abstract 

(ntcgratcd  hctcrrrsiructurc  devices  (IHDs)  eomposed  of  ll-VI  materials  in  epitaxial  miillilaxered  siriielurcs  for 
light-emitting  diode  and  laser  diode  applications  are  described.  These  IHDs  combine  a  light  emission  multilayer 
structure  with  an  abrupt  or  graded  heterostructure  which  includes  Hg-based  materials  for  improved  ohmic  contact  to 
the  upper  p-type  layer  of  the  light  emitting  structure. 


1.  Introduction 

The  problem  of  obtaining  ohmic  contacts  for 
p-type  ZnSc  and  related  alloys  is  related  to  the 
deep  valence  band  of  ZnSe.  As  a  consequence, 
all  metals  deposited  onto  p-type  ZnSe.  including 
Au  and  Pi.  give  rise  to  large  energy  barriers 
which  impede  the  How  of  holes  across  the 
metal-semiconductor  interface.  This  is  illustrated 
by  the  energy  band  diagram  of  l-ig.  la  for  a 
ZnSe/GaAs  heterojunction.  As  shrrwn  in  the  fig¬ 
ure,  the  conduction  bands  of  these  twt)  semierrn- 
ductors  line  up  (to  within  '  0.1  eV  [1])  such  that 
a  valence  band  offset  of  ~  1.4  eV  occurs.  As  a 
consequence,  all  metals,  including  Au  and  Pi. 
produce  appreciable  energy  barriers  (>  I.,*'  eV) 
when  they  are  deposited  onto  p-type  ZnSe.  as  is 
illustrated  by  the  energy  band  diagram  of  l-'ig.  Ic 


'*  (  orrespoluling  .uilh<tr 


tor  a  Au/ZnSe  hetertv-interface.  Band  diagrams 
ftir  both  n-on-p  and  p-on-n  structures  at  zero  bias 
are  shown  in  Fig.  lb  and  Fig.  Id.  respeetively. 
Note  the  similarities  in  the  two  diagrams  shtnvn: 
both  types  of  structures  contain  large  energy  bar¬ 
riers  which  limit  hole  transport. 

The  presence  of  large  barriers  is  manifested  by 
the  need  to  apply  very  large  voltages  ( 10-20  V  or 
more)  to  activate  both  n-on-p  and  p-t>n-n  ZnSe- 
based  light-emitting  diodes  (I.FDs)  and  laser 
diodes  (LDs).  In  the  case  of  n-on-p  structures, 
the  forward-biased  diode  characteristics  are  dom¬ 
inated  by  tunneling  at  the  reverse-biased 
Zn.Se/GaAs  interface,  where  a  barrier  ~  1.4  eV 
occurs  as  a  consequence  of  the  large  valence 
band  tvffset  ;it  the  hetero-interface  between  these 
two  materials,  as  is  illustrated  schematically  in 
Fig.  2a.  Similar  tunneling,  with  the  requisite  large 
applied  voltages,  also  oecurs  for  p-on-n  ZnSe- 
ba.sed  diodes  t;iown  on  n-ivpe  GaAs  substrates. 
In  this  case  the  forward-bi  characteristics  of  the 
diode  are  dominated  by  ti  -neling  phenomena  at 
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the  rcverscd-biasec'  i  letal  sciiiiconductor  contact, 
as  shown  in  Fig.  2b. 

At  North  Carolina  State  University  (NCSU). 
we  have  addressed  the  above  fundamental  issue 
in  a  novel  way  by  employing  an  epitaxial  layer  of 
the  semimetal  FIgSe  to  decrease  the  interfacial 
energy  barrier  (valence  band  offset)  to  about  0.6 
eV  I2..1I.  This  estimate  is  based  on  a  ••modified" 
common-anion  rule  for  the  mercury  calcogcnides 
which  assumes  a  valence  band  offset  of  J/:\  ~  0.2 
C'j,.  where  is  the  band  gap  of  the  correspond¬ 
ing  wide  band  gap  common-anion  II- VI  material 
(cadmium  or  zinc  chalcogenide).  Correspond¬ 
ingly.  the  conduction  band  offset  is  given  by 
^O.SF^,.  This  empirical  ••H()'?('-2()'^r'  rule  holds 
in  the  case  of  CdTe  (C^  =  1.5  eV)  and  HgTe  for 
which  a  valence  band  offset  cV  has 

been  measured  [4],  It  also  holds  approximately 
for  ZnTe  (E^  =  235  eV)  and  HgTe  for  which 
J/:\  =  ().. 4-0.4  eV  has  been  reported  [4]. 


p  •  GaAs  p - ZnSe  n - ZnSc 


(a)  (b) 


All  p  -  ZnSc  11  -  ZnSc 


(r  Id) 

t  ig  I.  Banil  e.agrams  for  (a)  (iaAs/ZnSc  hL-lcri>junclii>n.  <b) 
p  (iaA^/p-ZnSc/n  ZnSc  hcIcriMrutluri;  al  /cro  biav  (i> 
gcilJ  /ZnSc.  ami  (ill  gold /p-Z.nSc  n-'Z.nSc  hclcnwlnicturc  at 
/crd  bia'..  I  iicrgy  band  oltsct^  arc  cstimalc^  obtained  Ironi  a 
search  o(  the  lilcralurc. 


|)  -  GiiAs  p  -  ZiiSg  n  -  ZnSc 

(a) 


Au  •  2nSc  n  •  ZnS(2 

tb) 

fig.  4.  Band  diagrams  tor  la)  n-on  p  ZnSc  diode  on  p-iypc 
CiaAs  and  (b)  p-on-n  ZnSc  diode  with  gold  eontaet.  Both 
diodes  are  hrrwtird  biased. 


The  use  t)f  epitaxial  HgSe  has  resulted  in 
improved  ohmic  contacts  fttr  p-type  ZnSe  films 
and  related  diode  structures  (2..4.5].  Multilayered 
structures  with  intermediate  or  graded  layers  of 
Hg,  ,Zn,Se  or  ZiiTe,  ,Se,  have  also  been  fab¬ 
ricated  to  further  improve  the  electrical  proper¬ 
ties  of  11-Vl  light  emitters.  We  refer  to  such 
struct  .es  ;ts  inivf’mted  hcicro.stniciun  Jcncc'i 
(IHDs)  [5.6].  The  term  integrated  heterostructure 
or  integrated  heterostructure  device  is  here  de¬ 
fined  as  a  multiliiyered  structure  in  which  particu¬ 
lar  layers,  or  combination  of  layers,  perform  dis¬ 
tinctly  different  functions.  An  example  of  an  IHD 
is  a  semiconductor  surface-emitting  laser  which 
errntains  (a)  multilayers  for  optical  mirrors,  (b)  an 
iictive  light  generation  region  which  might  consist 
of  one  or  more  additional  layers  or  quantum 
wells,  (c)  p-type  and  n-type  layers  which  supply 
the  active  light  generatit)n  region  with  electron 
and  holes  under  forward  bias  and  (d)  additional 
top  layers  for  optically  and  electrically  coupling 
the  laser  output  tvi  the  outside  world.  These 
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various  functions  arc  integrated  into  a  single  epi¬ 
taxial  multilayered  structure  using  sophisticated 
growth  techniques  such  as  molecular  beam  epi¬ 
taxy  (MBE)  or  metalorganic  chemical  vapor  de¬ 
position  (MOeVD).  The  p-on-n  IHD  structures 
being  studied  at  NCSU  consist  of;  (a)  multilayers 
of  ll-Vl  compounds  that  form  an  optical-emis¬ 
sion  heterostructure,  (b)  abrupt  or  graded  ll-Vl 
layers  that  serve  as  an  electrical  bridge  U)  the 
p-type  contact  layers  and  (c)  HgSe/metal  con¬ 
tacts. 

This  paper  di.scusses  methods  that  have  been 
developed  at  NCSU  for  the  MBE  growth  of  inte¬ 
grated  heterostructure  devices  containing  both 
narrow-band-gap  and  wide-band-gap  ll-Vl  mate¬ 
rials.  Device  processing  procedures  are  also  dis¬ 
cussed.  Properties  of  light-emitting  devices  are 
described  within  the  context  of  IHD  design  prin¬ 
ciples,  including  those  of  recently-fabricated 
high-brightness,  high-efficiency  blue  and  green 
LEDs  [7].  The  feasibility  of  using  other  ll-Vl 
semimetals  such  as  HgTe,  HgS,  HgSSe,  or 
HgSeTe  as  electrical  contact  layers  in  particular 
light-emitting  and/or  light-detecting  IHD  struc¬ 
tures  is  also  addressed. 


2.  Experimental  details 

Deposition  of  HgSe  and  other  Hg-based  com¬ 
pounds  onto  ZnSe-based  p-on-n  diode  structures 
is  carried  out  using  two  separate  MBE  chambers. 
Using  the  first  MBE  chamber,  p-on-n  diode 
structures  arc  grown  on  (KHI)  Si-doped  n  -GaAs 
substrates.  Film  growth  temperatures  of  240- 
2S(rC’  arc  currently  being  employed.  A  variety  of 
double-heterostructure  light-emitting  devices 
containing  ZnSSe.  ZnSe  and  ZnC'd.Se  liiyers  have 
been  synthesized.  All  of  the  major  constituents  of 
the  various  layers  of  the  heterostructures  are 
grown  using  elemental  Zn.  Cd,  Sc  and  S.  ZnCI , 
is  used  as  a  solid  Cl  source  for  growth  of  the 
n-type  layers  (//„  -  1  x  !()'"  cm  ')  of  diode  struc¬ 
tures  [8-10).  The  p-type  layers  ' -  1  x  lO''* 
cm  ')  are  doped  with  N  from  an  RE  plasma 
source  using  N,  gas  [11.12]. 

Following  deposition  of  the  p-on-n  het¬ 
erostructure.  the  sample  is  transferred  to  a  sec¬ 


ond  Hg-compatible  MBE  chamber  where  an  epi¬ 
taxial  HgSe  layer  is  deposited.  At  NCSU.  we  have 
developed  a  portable  ultra-high-vacuum  transfer 
device,  equipped  with  a  small  ion  pump,  that 
allows  us  to  extract  a  wafer  from  one  MBE  sys¬ 
tem  and  transfer  it  to  a  second  MBE  system.  In 
this  way.  samples  may  be  protected  from  oxida¬ 
tion  during  the  transfer  process.  More  recently, 
we  have  also  employed  a  Se  capping  layer  during 
sample  transfer.  In  this  case,  the  light-emitting 
heterostructure  is  cooled  to  room  temperature 
under  a  Se  flux  in  MBE  chamber  I  to  provide  a 
Se  capping  layer  on  the  surface.  Following  this, 
the  wafer  is  transferred  to  the  second  Hg-compat- 
ible  MBE  chamber  where  the  Se  capping  layer  is 
desorbed  by  heating  and  an  epitaxial  layer  of 
HgSe  (  '  100  A  thick)  is  grown  by  MBE.  Both 
procedures  have  proven  to  be  satisfactory  for  the 
growth  i)f  epitaxial  HgSe. 

Optimum  MBE  growth  conditions  for  HgSc 
thin  films  were  determined  based  on  the  results 
of  preliminary  deposition  experiments  in  which 
film  growth  parameters  such  as  substrate  temper¬ 
ature.  Hg  tlux.  Sc  flux  and  the  Hg/Sc  llux  ratio 
were  systematically  varied.  The  substrate  temper¬ 
ature  rtmge  investigated  in  these  initial  experi¬ 
ments  was  between  SO  and  1,^0 C.  The  Hg  ;md  Se 
beam  equivalent  pressures  (BEPs)  were  varied  in 
the  range  0.4  x  10  *  to  1.,^  x  10  ''  Torr  and  0.0 
X  10  "  to  I  X  10  "  Ton.  rcspectixely.  I'rom  these 
experiments,  it  was  found  that  there  was  no  ap¬ 
preciable  condensation  of  HgSe  for  substrate 
temperatures  above  -  12,"'  ('.  In  adilition.  at  .i 
substrate  temperature  of  ^  SOX'  or  less,  the  HgSc 
films  exhibited  poor  structural  quality  and  uni¬ 
formly  rough  surfaces.  In  the  rtmge  S0-I2,''  C'.  lor 
given  Hg  and  Se  BEPs.  the  growth  rate  was  lound 
to  increase  with  decreasing  temperature.  It  was 
also  found  that,  at  a  given  growth  temperature, 
the  Hg  to  Se  BI-P  ratio  has  a  definite  effect  on 
the  growth  rate.  F'or  instance,  at  a  growth  tem¬ 
perature  of  lOO'X'.  and  for  Hg/Se  BEP  rtitios 
between  00  and  1.^0.  the  growth  rate  is  controlled 
by  the  Se  llux  and  incretises  when  the  Se  BEP  is 
increased.  Below  a  Hg/Se  BEP  ratio  of  00,  on 
the  tither  hand,  film  growth  becomes  Hg-tlux- 
limited  and  the  growth  rate  decreases  even  when 
a  high  Se  tlux  is  present  at  the  substrate  surface. 
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This  behavior  is  a  direct  consequence  of  the 
well-documented  [13,14]  low  sticking  coefficient 
of  Hg. 

For  Hg/Se  BEP  ratios  higher  than  130  (e.g., 
130-180).  a  decrease  of  the  growth  rate  was  also 
observed.  This  may  be  due  to  a  gas-phase  beam 
interaction  effect,  which  results  in  part  of  the  Se 
tlux  being  deflected  by  the  high  Hg  atoms  density 
and  prevented  from  reaching  the  substrate  sur¬ 
face.  From  a  morphological  and  structural  quality 
viewpoint,  it  was  found  that  the  best  results  were 
obtained  for  a  BEP  ratio  in  the  range  of  90- 1 (K), 
for  a  growth  temperature  of  1()0°C. 

Based  on  the  above  results,  in  all  subsequent 
HgSe  growth  e.xperiments  a  substrate  tempera¬ 
ture  of  1()0-I10°C  was  used  along  with  a  Hg/Se 
BEP  ratio  of  -  HR)  (Hg  and  Se  BEPs  of  ~  I  x 
10  ■*  and  1  X  10  Torr,  respectively).  These 
conditions  result  in  a  film  growth  rate  of  '-1.1 
A/s.  Note  that  this  growth  rate  is  still  quite  low 
compared  to  that  of  HgTe  grown  under  similar 
conditions.  This  may  be  related  to  the  higher 
evaporation  rate  of  the  HgSe  compound  at  low 
temperatures  [5]. 

1  ransmis.sion  electron  microscopy  (TEM)  stud¬ 
ies  of  selected  IHD  structures  were  completed 
using  a  Hitachi-80()  electron  microscope  operat¬ 
ing  at  200  kV.  The  samples  were  thinned  at  77  K 
using  argon-ion  milling  techniques.  Both  vertical- 
cross-section  and  planar  'l  EM  photomicrographs 
were  used  to  assess  the  interfacial  quality  of  the 
various  layers  of  the  integrated  device  structures 
and  to  estimate  dislocation  densities. 

Mesa-type  devices  were  prepared  from  se¬ 
lected  IHD  wafers  using  standard  photolitho¬ 
graphic  and  etching  techniques  to  define  mc.sa 
arr  .ys.  Mesa  dimensions  were  ,s00  /xm  X  .5()()  ^m. 
Evaporated  Au  or  In  was  used  t('  form  a  metal 
contact  to  the  top  HgSe  surface  of  each  p-on-n 
mesa  diode.  Ohmic  contact  to  the  n-type  layer 
was  made  at  the  back  surface  of  the  CJaAs.'Si 
substrate  with  In  metal.  During  processing,  the 
wafer  was  subjected  to  temperatures  as  high  as 
l.‘'(l'C'  with  no  obvious  deleterious  effects.  After 
processing,  a  dicing  saw  was  used  to  obtain  indi¬ 
vidual  diodes  for  electrical  testing.  The  current- 
vt)ltage  ( t-V)  properties  of  the  diodes  were  mea¬ 
sured  using  a  Tektronix  model  370  curve  tracer. 


3.  Results  and  discussion 

3. 1.  Transmission  electron  inieroseopy  studies 

Fig.  3  shows  a  vertical-cross-section  FEM  pho¬ 
tograph  of  a  representative  IHD  structure  taken 
under  two-beam  conditions.  This  particular  de¬ 
vice  is  a  blue-light-emitting  diode  based  on  a 
ZnSSe-ZnCdSSe  double-heterostructure.  As 
seen  from  the  figure,  the  active  region  of  the  light 
emission  heterostructure  consists  of  five  KM)  .X 
ZnCdSSe  quantum  wells  separated  by  four  130  A 
ZnSSe  barriers.  Note  that  the  active  region  of  the 


Fig.  .t.  Trinsmission  eicciron  micrograpli  I'f  an  lntcgratci.1 
liclcroslructiire  device  (HID).  The  aeiive  region  of  (he  IHD 
consists  of  five  11)0  A  /.nt'dSSe  quantum  wells  which  are  at 
the  bottom  of  the  micrograph  The  thin  (ItK)  .A)  l-lack  highly- 
conducting  layer  at  the  lop  surface  of  the  HID  is  an  epitaxial 
lIg.Se  layer 
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IHD  is  dislocation-free  and  exhibits  exceptionally 
smooth  and  flat  interfaces.  The  ZnSSe  cladding 
layers  above  and  below  the  active  region  of  the 
device  are  also  dislocation-free.  Based  on  an 
analysis  of  many  vertical-cross-section  and  planar 
THM  photographs  of  several  similar  devices,  we 
estimate  that  the  dislocation  density  is  about 
lUVcni’,  on  average,  from  sample  to  sample. 

At  the  top  surface  of  the  IHD  shown  in  Fig. 
is  a  dark  and  narrow  ( ~  100  A)  layer.  This  is  the 
epitaxial  HgSe  layer  at  the  top  surface  of  the 
sample  which  is  part  of  the  ohmic  contact  portion 
of  the  integrated  device  structure.  The  epitaxial 
nature  of  the  HgSe  layer  was  confirmed  by  means 
of  electron-diffraction  and  electron-channeling 
studies.  The  fact  that  the  HgSe  layer  shown  in 
Fig.  }  is  very  dark  is  a  rellection  of  its  very  high 
electrical  conductivity  (carrier  concentration 
10'''  cm  ■  mobility  ^  10’'  em’/V  •  s)  which  pro¬ 
motes  lateral  current  spre; -  .ing  -  a  highly-desira- 
blc  property  for  LED  ap.-'ications.  In  addition, 
because  its  thickness  is  only  ~  100  A.  the  HgSe 
layer  also  serves  as  a  semi-transparent  (85-00''r) 
electrode  for  surface-emitting  LED  applications. 

3.2.  Electrical  characteristics  of  integrated  het¬ 
erostructure  del  ices 

The  integrated  heterostructure  device  concept 
produced  a  dramatic  improvement  in  the  ob¬ 
served  electrical  characteristics  of  ZnSc-based 
dit)de  structures  [2].  Fig.  4  shows  an  l-V  curve 
for  one  of  the  initial  (.“'(HI  ^tm  X  .SOO  ^m  mesa) 
ZnSSc-ZnCd.Se  double-hetcrostructurc  diodes 
equipped  with  an  epitaxial  HgSe/gold  contact, 
which  was  synthesized  and  processed  at  NCSU  in 
July.  1991.  This  particular  diode  produced  bright 
blue  emission  at  2.b0  eV  (47b  nm)  at  room  tem¬ 
perature.  Note  from  the  figure  that  the  mesa 
diode  device  exhibits  a  turn-on  voltage  of  about 
2.8  V  and  passes  .“SO  mA  at  4.4  V  at  .4(K)  K.  This 
represented  a  substantial  improvement  compared 
with  earlier  devices  prepared  at  NCSU  [15-18) 
and  elsewhere  [19-24]  that  were  equipped  with 
metallic  contacts. 

Fo  further  reduce  the  ^  (l.b  eV  valence  band 
offset  between  ZnSe  and  HgSe.  multilayered 
structures  with  graded  intermediate  layers  of 


Fit!.  4.  /  -  r  characteristics  tor  a  p-on-n  /nSSe  ZnCtlSe  d(ni- 
blc-hclcrosiructurc  light-emitting  diode  equipped  with  epitax¬ 
ial  HgSe/ gold  top  contact. 

Zn,Hg|  ,Sc  or  ZnTe,  ,Se,  were  investigated. 
The  band  gap  versus  lattice  constant  for  these 
two  ternary  alloys  is  shown  in  Fig.  5.  In  this  case, 
the  idea  is  to  dope  the  graded  layer  p-type  to 
maintain  the  Fermi  level  close  to  its  valence  band 
edge  as  (in  the  case  of  Zn^Hg,  _  ,Se)  the  grading 
material  changes  from  ZnSc  to  HgSe.  By  means 
of  this  grading/doping  procedure  the  initial  band 
offset  can  be  eliminated,  as  has  been  shown  for 
lll-V  materials  [25],  since  the  equilibrium  Fermi 
energy  must  be  constant  throughout  the  het- 
crostructurc.  For  ZnTe,  ,Sc\  grading  layers,  the 
grading  should  proceed  from  y  =  I  (ZnSe)  lO 


Fig.  5.  Band  gap  versuv  lallicc  cunMani  tor  selected  scmicon- 
duclors.  The  two  solid  lines  shimn  in  the  ligiire  reler  to 
/.nllgSe  and  /.nTeSe  lernarv  alloys,  htiih  ot  which  are  suit¬ 
able  materials  lor  graded-layer  contacts  to  p-type  /nSe 
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about  V  '  0.4,  .since  the  valence  band  of 
ZnTe||,,Se|i4  lines  up  with  that  of  HgSe  (assum¬ 
ing  valence  band  of  ZnTe  is  about  1.0  eV  above 
that  of  ZnSe  [26]). 

At  NCSU.  IHDs  with  Zn,Hg,_,Se  graded 
layers  have  been  grown  by  MBE.  However,  the 
large  difference  in  the  optimum  growth  tempera¬ 
ture  of  ZnSe  (  -  25()°C)  versus  HgSe  (  -  100°C) 
required  that  both  the  Zn  source  temperature, 
which  controls  the  Zn  flux,  and  the  substrate 
temperature  be  varied  during  growth  of  the 
Zn,Hg|  ,Se  grading  layer.  Thus,  the  MBE- 
growth  procedure  is  a  complex  one  and  the  re¬ 
sults  to  date  have  only  been  marginally  success¬ 
ful:  while  a  slight  improvement  was  noted  in  the 
I -I'  curves  of  processed  diode  structures  with 
Zn,Hg,  ,Se  grading  layers  from  that  of  Fig.  4, 
reproducibility  has  proven  to  be  a  problem.  As  a 
consequence,  we  have  recently  instituted  a  new 
procedure  -  post-growth  annealing  -  to  grade 
the  Zn.Se-HgSe  interface.  In  these  experiments, 
an  IHD  sample  with  HgSe/gold  surface  layers  is 
placed  in  an  annealing  oven.  The  sample  is  then 
annealed  at  a  preselected  time/temperature  pro¬ 
file  under  flowing  nitrogen  gas  to  promote  in-dif- 
fusion  of  Hg  from  the  HgSe  layer  into  the  ZnSe 
layer,  thus  grading  the  heterointerface.  (Anneal¬ 
ing  experiments  of  this  type  are  routinely  per¬ 
formed  to  control  the  electrical  properties  of 
HgCdTe  infra-red  detector  diodes.)  Initial  results 
at  NCSU  have  been  encouraging:  diode  /-C 
Clines  are  consistently  improved.  However,  opti¬ 
mum  annealing  parameters  have  not  yet  been 
determined.  Work  in  this  area  is  continuing  at 
NCSU. 

Improved  diode  /-U  properties  were  also  ob- 
sened  for  HgSe-based  IHD  structures  having  an 
intermediate  graded  layer  of  Zn  Tci  ,Se,.  as  we 
have  previously  reported  [2].  In  this  case,  a  light- 
emitting  structure  was  grown  in  MBE  chamber  I 
in  the  usual  fashion.  Following  this,  a  ~  KKI  nni 
thick  graded  layer  of  nitrogen-doped  ZnTe,  ,Se, 
was  grown  at  -  24.‘i°C.  The  sample  was  then 
transferred  to  MBE  chamber  2  where  a  KM)  A 
thick  HgSe  film  was  grown  at  '  l(M)‘’C.  Processed 
diodes  of  this  type  show  a  smaller  and  sharper 
turn-on  voltage  (l.‘)  V)  compared  with  that  of 
Fig.  4a  and  produces  20  mA  at  .4.2-.4.4  V. 


Fig.  6.  Biind  iliagram  dT  improved  ohmic  contact  lor  p-type 
ZnSe  which  employs  two  thin  (  1111)  A)  layers  of  epita.\ial 

HgSe/ZnTe,, jSe(,x  as  shown.  The  heavily-doped  p-type 
ZnTe„2Se„x  layer  provides  deep  states  for  resonant-tunnel¬ 
ing  enhancement  of  the  current  tlow. 


Recently,  we  have  modified  the  ohmic  contact 
layers  of  II-VI  integrated  heterostructure  de¬ 
vices.  The  new  IHD  structure,  shown  schemati¬ 
cally  in  Fig.  6.  involves  MBE  growth  of  a  thin 
(KM)  A)  ZnTe|i;;Se„s  layer  between  the  ZnSe- 
based  light-emitting  heterostructure  and  the  top 
epitaxial  HgSe  layer.  The  thin  ZnTCujSens  layer 
is  heavily  doped  p-type  by  means  of  nitrogen- 
plasma  doping.  This  procedure  creates  deep  states 
in  the  ZnTC|i  ;.Se„x  layer  which  promote  resonant 
tunneling  of  holes.  The  photomicrograph  shown 
in  Fig.  .■)  illustrates  this  new  type  of  IHD  struc¬ 
ture.  Upon  careful  inspection,  a  thin  -  KM)  A 
layer  can  be  seen  al  the  top  of  the  micrograph 
just  under  the  black  epitaxial  surface  layer  of 
HgSe.  This  is  the  heavily-doped  epitaxial 
ZnTe„;.SC|4s  layer  that  provides  deep  states  for 
resonant-tunneling  enhancement  of  the  current 
flow  through  the  IHD  structure.  This,  in  turn, 
gives  rise  to  improved  /-U  characteristics  of  pro¬ 
cessed  devices,  as  is  illustrated  in  Fig.  7.  Fig.  7a 
shows  the  /-U  curve  for  a  blue-light-emitting 
diode  that  was  processed  from  the  IHD  structure 
shown  in  Fig.  .1.  The  device  exhibits  a  turn-on 
voltage  of  2.4  V  and  passes  25  mA  at  ,^.2  V. 
These  electrical  characteristics  compare  favorable 
with  those  of  a  commercial  SiC  blue  LED  which 
arc  illustrated  by  the  l-V  curve  of  Fig.  7b. 

The  characteristics  of  the  blue-emitting  device 
of  Fig.  7a  at  high  current  levels  are  shown  in  Fig. 
8.  Note  that  the  diode  passes  .‘ilMI  mA  of  current 
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Fig.  7.  I -V  curves  for  blue  light-emitting  diodes:  (ii)  ZnSSe- 
ZnC'dSSe  doublc  hclerosiructurc  IMD;  (b)  commercial  SiC 
p-n  junetKm  device. 


at  4  V.  This  corresponds  to  a  current  density  of 
2(K)  A/cm’  -  comparable  to  current  densities 
presently  required  for  rtxtm  temperature  opera¬ 
tion  of  II-VI  laser  diodes  [27], 

Use  of  other  Hg-hased  semimetals  for  ohmic 
contact  applications 

The  question  arises;  Can  HgTe  or  cubic  HgS 
be  used  to  further  improve  the  ohmic  contact  to 
p-type  ZnSe  and  related  alloys?  f-’ig.  9  shows 
band  offset  diagrams  which  involve  each  tif  these 
semimetals.  Fig.  9a  shows  the  band  diagram  for  a 


CdTe/HgTe  heterojunction  showing  a  valence 
band  offset  of  0.3  eV,  which  has  been  determined 
by  experiment  [4].  Fig.  9b  shows  the  band  dia¬ 
gram  for  a  ZnSe/FlgSc  heterojunction  showing  a 
valence  band  offset  of  0.6  eV,  while  Fig.  9c  shows 
a  band  diagram  for  a  ZnS/FfgS  hctcrojunction 
showing  a  valence  band  offset  of  0.8  eV.  Band 
offsets  shown  in  Figs.  9b  and  9c  are  speculations 
based  on  the  empirical  "80'/-20'T"  modified 
common-anion  rule  for  Il-VI  materials  which  we 
have  introduced  [2].  Our  results  involving  HgSe- 
based  contacts  to  ZnSe  provide  experimental 
support  that  this  modified  common  anion  rule  is 
at  least  approximately  correct. 

Referring  to  Fig.  9a.  it  might  be  argued  that 
the  absolute  energy  level  of  FfgTe  is  substantialK 
higher  than  FIgSe.  This  is  so  because  a  corre¬ 
sponding  modified  common  cation  rule  al.so  seems 
to  hold  for  Il-VI  materials  such  that  the  band 
gap  difference  between  CdTe  and  ZnTe  occurs 
mostly  (H0-9l)9i )  in  the  conduction  band.  Thus, 
the  band  offset  for  ZnTe/HgTc  should  be  400- 
,‘'00  meV.  which  implies  that  the  absolute  energy 
of  FIgTe  lies  approximately  at  the  energy  level  of 
gold.  As  a  consequence.  HgTe  should  ni't  provide 
an  improved  ohmic  contact  for  p-type  ZnSe.  We 
have  verified  this  fact  at  NCSU  by  depositing 
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Fig.  X.  /~l'  characteristics  of  a  ZnSSc-Zn(\lSSc  double  hei- 
eroslruclure  IMI)  at  high  current  levels.  The  UID  is  a  bluc- 
lighl-cmitting  device  fjim  ks(M)  mesa).  At  4  V  hn- 
ward-bias  the  current  flow  is  .^(K)  mA.  corresp<mding  to  a 
current  density  ol  A  cm  . 
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HgTe  onto  ZnSe-based  diode  structures  by  MBE. 
The  l-V  characteristics  of  the  p-on-n  diodes  with 
HgTe  contacts  are  very  similar  to  the  l-V  charac¬ 
teristics  of  diodes  equipped  with  deposited  Au 
contacts  -  both  types  of  samples  display  high 
turn-on  voltages. 

In  contrast,  cubic  HgS  would  appear  to  be  a 
very  interesting  ohmic  contact  material  for  p-type 
ZnSe.  This  is  so  because  it  is  generally  accepted 
that  there  is  little  or  no  conduction  band  offset 
between  ZnSe  and  ZnS,  as  is  illustrated  by  the 
band  diagram  shown  in  Fig.  10a.  If  this  is  the 
case,  the  absolute  energy  level  of  HgS  should  lie 
below  the  valence  band  of  ZnSe  by  0.2  eV,  consis¬ 
tent  with  the  band  offsets  shown  in  Figs.  9  and 
lOa.  As  a  consequence,  HgS  should  be  an  excel- 


CdTe  HgTe 


ZnS  ZnSe  GaAs 


(b) 

Fig..  U).  Band  diagrams  for  tat  ZnS/ZnSc,/C>a.\s  helerostruc- 
lure  and  (b)  ZnSe/UgS  helerojunclion.  Band  diagram  (h)  is  a 
speculation  consistent  with  the  band  offsets  shown  in  Fig.  W 
and  in  (a). 


Fig.  d.  Band  diagrams  tor  ta)  CdTe/llgTe.  (b)  ZnSe/lIgSc 
and  (c)  ZnS/UgS  heterojunctions.  Band  offsets  for  (b)  and  (c) 
are  speculations  based  on  an  empirical  'Sll'; -21)'/"  modified 
common-anion  rule  for  11  VI  materials. 


lent  ohmic  contact  material  for  ZnSe-based  p-on- 
n  diode  structures. 

Based  on  the  above  speculative  arguments,  we 
have  attempted  to  grow  HgS  layers  on  ZnSe-based 
diode  struetures  by  MBF.  Our  results  so  far  have 
been  discouraging.  Depositions  at  11K)°C  using 
elemental  Hg  and  S  in  varying  flux  ratios  pro¬ 
duced  no  deposits  on  clean  ZnSe  diode  structures 
grown  on  GaAs  substrates.  Next,  the  ZnSe/GaAs 
substrate  temperature  was  lowered  to  room  tem¬ 
perature.  Again,  for  a  range  of  Hg  and  S  flux 
ratios,  no  deposition  of  any  kind  occurred.  Fi¬ 
nally,  by  reducing  the  substrate  temperature  to 
using  a  special  substrate  cooling  stage,  a 
dull  black  deposit  formed  on  the  ZnSe  surface. 
The  black  deposit  appeared  to  be  stable  at  rwm 
temperature  after  the  sample  was  removed  from 
the  MBE  system.  However,  upon  heating  the 
sample  above  room  temperature  to  about  .“ilTC. 
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the  black  deposit  completely  vaporized  leaving  a 
specular  ZnSe  layer  as  the  sample  surface. 

Additional  MBE  experiments  were  completed 
using  elemental  Zn.  Hg  and  S  in  an  effort  to  grow 
the  ternary  alloy  Zn|_jHg^S.  These  experiments 
also  produced  discouraging  results.  For  growth  at 
1()0°C  under  a  variety  of  favorable  flux  ratios,  the 
deposited  film  was  always  transparent  ZnS  of 
poor  structural  quality.  1’his  was  verified  by  dif¬ 
ferential  reflectance  measurements  in  the  UV 
which  determined  the  band  gap  to  be  that  of 
Zn.S.  No  Hg  was  incorporated  in  any  of  the  layers 
grown  at  lOlfC.  Similar  results  were  obtained 
upon  lowering  the  substrate  growth  temperature 
to  room  temperature:  no  Hg  was  incorporated  in 
any  of  the  layers. 

On  the  basis  of  the  above  preliminai'y  film 
growth  experiments,  we  have  concluded  that  both 
HgS  and  Zn,  ,Hg,S  ire  difficult  materials  to 
grow  by  MBE.  However,  because  of  the  potential 
importance  of  these  materials  for  ohmic  contact 
applications,  work  in  this  area  will  continue  at 
NCSU.  In  addition,  we  recommend  that  other 
film  growth  techniques  such  as  MOC’VD  and 
sputtering  also  be  investigated. 
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Abstract 

In  this  paper  both  horizontal  and  vertical  transport  properties  t'f  ZnSe  based  heterostructures  were  studied. 
Temperature-dependent  Hall  effect  measurements  were  performed  on  nitrogen-doped  ZnSe.  ZnTe.  ZntS.Se)  and 
(Zn.MgKS.Se)  epilayers;  accepter  concentration  .V,.  compensation  donttr  concentration  .\|  and  the  activation  energy 
£,  were  derived  by  curve-fitting  to  the  freeze-out  behavior  of  the  hole  concentrations.  Vertical  transport  study, 
through  the  use  of  an  analytical  computer  simulation,  suggested  thiit  the  electron  trtinsport  across  the  n-ZnSe./n- 
GaAs  hetcrointcrface  is  often  hindered  by  the  presence  of  a  high  density  of  interface  states;  both  the  employment  of 
heavy  doping  near  the  interface  and  the  modification  of  GaAs  surface  stoichiometry  betbre  the  nucleation  of  ZnSe 
were  found  effective  in  reducing  the  device  impedance. 


1.  Introduction 

The  demonstration  of  the  first  blue-green 
diode  lasers  [1,2]  in  the  summer  of  IWI  sparked 
a  renewed  interest  in  the  field  of  Il-VI  wide-gap 
compound  semiconductors.  Continuing  advance¬ 
ment  toward  technological  maturity,  most  notably 
the  realization  of  stable  continuous-wave  laser 
operation  at  room  temperature  [,^1.  demands  still 
a  greater  appreciation  of  the  fundamental  i.ssucs 
such  as  the  relationship  between  material  quality 
and  growth  parameters,  and  the  electrical  trans¬ 
port  properties,  both  from  which  the  device  be¬ 
havior  is  derived.  In  the  summer  of  1992,  with  the 
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introduction  of  a  ZnfTe.Se)  pseudo-graded-layer 
between  heavily  p-doped  ZnTe  and  p-Zn.Se  lay¬ 
ers.  we  were  able  to  address  the  problem  of 
ohmic  contacts  to  p-type  ZnSe  [4],  a  problem 
which  became  more  crucial  with  the  intensifying 
device  research  on  wide  bandgap  II-Vl  materi¬ 
als.  The  effectiveness  of  this  contact  scheme  was 
confirmed  by  the  reduction  of  laser  operating 
voltages  (to  as  low  as  7  V  [5])  in  our  devices  and 
also  the  capability  for  conducting  stable  Hall 
measurements  on  p-ZnSc  from  .720  to  77  K.  where 
the  latter  experiments  were  not  readily  feasible 
with  the  conventional  metal/ p-ZnSc  Schottky 
contacts. 

In  this  paper  we  report  the  study  of  both 
horizontal  and  vertical  transport  properties  of 
ZnSe-based  structures.  Results  of  the  tempera- 
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ture-depcndent  Hall  measurements  on  nitrogen- 
doped  p-ZnSe  [6]  and  p-ZnTe  [7]  are  reviewed; 
emphasis  will  be  given  to  the  implications  of  the 
observed  behavior  relative  to  the  acceptor  activa¬ 
tion  energy  of  nitrogen  in  the  ternary  ZnfS.Se) 
and  quaternary  (Zn,MgKS,Se).  While  fully  aware 
of  the  necessity  for  further  improvement  in  con¬ 
tacting  to,  and  doping  of.  p-type  wide-gap  ll-VI 
semiconductors,  we  confine  the  study  of  vertical 
transport,  specifically  the  current-voltage  (/-f') 
characteristics,  to  an  issue  frequently  overkxrked 
by  the  ll-VI  community;  the  carrier  transport 
across  a  11-Vl/lIl-V  hcterovalent  interface,  in 
this  case  the  ZnSe/GaAs  interface. 


2.  Experimental  procedure 

A  Perkin-Elmer  4,'?()  modular  MBE  system  with 
separate  II-VI  and  III-V  growth  chambers  was 
employed;  details  of  the  growth  conditions  w'cre 
described  previously  [8],  Also  the  design  and 
growth  of  the  ZnlSe.Te)  pseudo  graded  contact 
to  p-ZnSe  was  reported  elsewhere  [4);  the  origi¬ 
nal  configuration  was  adapted  to  contact  p- 
(Zn.MgKS.Se)  with  the  insertion  of  a  p-Zn(S,Sc) 
layer. 

Transmi.ssion-line  model  (TLM)  measurements 
were  performed  to  characterize  the  metal/p- 
ZnTc/p-Zn(Se.Te)  graded  region/p-ZnSe  con¬ 
tact.  Fig.  1  shows  a  typical  plot  (of  total  resistance 
versus  electrode  spacing)  from  an  (unannealed) 
Au/Pd/Zn(Se,Te)  graded-region/p-ZnSe  con¬ 
tact.  A  specific  contact  resistance  of  4  x  10  ■*  fi 
cm'  was  derived  from  the  plot  using  Berger's 
equation  [9],  The  reduction  of  specific  contact 
resistance  as  compared  to  the  Au/Zn(Se.Tc) 
graded-region/p-ZnSe  contact  [4]  was  in  qualita¬ 
tive  agreement  with  the  recent  study  of  Pd  con¬ 
tacts  to  p-ZnTe  [10],  The  material  sheet  resistiv¬ 
ity.  obtained  from  the  slope  of  the  plotted  line, 
was  4.6  kfJ/n  which  is  very  clo.se  to  the  value 
(4.4  kfi/D)  derived  from  a  separate  Hall  mea¬ 
surement.  It  is  worth  commenting  that,  given  the 
slight  deviation  in  the  /-E  characteristics  from  a 
straight  line  near  the  origin  as  was  observed  for 
small  contacts  under  high  current  level  [4],  the 
TLM  resistance  values  were  taken  at  a  current 


d  (UfTi) 

Fig.  !.  The  plot  of  measured  total  resistance  vs  the  spacing 
between  eleciri>des  for  a  Au/Pd  p-/.nTe  p-graded  /.n- 
(Te.Se)/P'ZnSe  contact. 

density  of  about  250  A/cm^  The  injection  level 
was  determined  with  a  knowledge  of  the  "effec¬ 
tive  contact  area",  a  quantity  which  reflects  the 
extent  of  current  crowding  near  the  edge  of  the 
electrodes  and  can  be  derived  from  the  intersec¬ 
tion  of  the  data  line  to  the  abscissa  [9],  The 
ob.served  reduction  of  specific  contact  resistance 
by  simply  experimenting  with  different  metalliza¬ 
tions  suggested  that,  at  the  current  stage,  the 
limiting  factor  of  the  graded  contact  scheme  might 
lie  at  the  metal/ p-ZnTc  interface. 

A  Van  dcr  Pauw  configuration,  with  one  elec¬ 
trode  in  each  of  the  four  corners  of  a  square 
.sample,  was  chosen  for  carrying  out  the  Hall 
measurements.  As  was  first  pointed  out  by  Van 
der  Pauw  [11],  a  deviation  from  the  original  as¬ 
sumption  of  point  contacts  can  lead  to  erroneous 
results  which  are  normally  manifested  by  an  ap- 
parent  increa.sc  of  carrier  concentration  and  de¬ 
crease  of  carrier  mobility.  An  investigation  was 
performed  with  the  contact /sample  size  ratio 
varied  from  5^/  to  IS'^f;  the  measured  free  hole 
concentration  (and  mobility),  from  the  same  p- 
ZnSe  epilaycr,  was  increa.sed  (decreased)  by  59*") 
(27^0.  For  the  measurements  employed  through¬ 
out  this  study,  the  contact /sample  size  ratio  was 
kept  at  around  3''f.  Despite  the  iKCurrence  of 
carrier  freeze-out  and  the  corresponding  increase 
of  .sample  resistivity  by  more  than  three  orders  of 
magnitude  as  temperature  was  lowered  from  295 
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f  ill.  Z.  (a)  Icmpc’^ature-ticpendeni  free  hole  conceniratum  of 
nitrogen-doped  ZnSe.  ZnSSe.  and  ZnMgSSe.  The  difference  i 
freeze-oul  curves. 


nitrogen-doped  ZnTe.  (b)  Measured  free  hole  concenuaiiims  of 
I  the  activation  energy  is  reflected  by  the  different  shipe"-  t>f  the 


to  77  K.  the  /-C  linearity  of  the  eontacts  was 
maintained  [6], 


3.  Horizontal  transport 

Figs.  2a  and  2b  show  the  Arrhenius  plot  of 
measured  free  hole  concentration  as  a  function  of 
l()(K)/7'  for  nitrogen  doped  ZnTe,  ZnSe.  Zn(S,Se) 
and  (Zn.MgK.S.Se).  Least-squares  curve  fitting 
was  carried  out  using  the  well-known  equation 

Pi  P  +  ^  A/, 

-  ^.I~P  «  exp(  -  EJkT )  ' 

which  is  essentially  a  rephrase  of  the  charge-neu¬ 
trality  condition  with  non-degenerate  carrier 


statistics  and  the  assumption  of  single  acceptor 
level.  Three  fitting  parameters,  the  total  acceptor 
concentration  A',,  the  compensating  donor  con¬ 
centration  /Vj.  and  the  acceptor  activation  energy 
tj,  can  be  obtained  from  best  curve-fitting.  Given 
the  uncertainty  about  the  effective  masses  for  the 
ternary  and  quaternary,  the  value  of  ZnSe  was 
assumed  throughout.  The  fitting  parameters  are 
summarized  in  Table  1. 

In  addition  to  the  potential  for  application  as  a 
contacting  material  to  p-ZnSe.  nitrogen-doped 
ZnTe  is  also  of  scientific  interest  given  the  ab¬ 
sence  of  any  prior  characterization  of  nitrogen 
acceptors  in  p-ZnTe.  The  activation  energy  of  4b 
meV  at  a  doping  level  of  mid-10''’  cm  which  is 
perhaps  the  first  report  of  nitrogen  acceptor  acti¬ 
vation  energy  in  ZnTe,  is  similar  to  the  phospho- 
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Summary  of  temperature  dependent  Hall  effect  measurements 


Sample 

P 

(xl()''cm 

(cm*  /V  •  s) 

(meV) 

y, 

(xlo'\m  ') 

(  X  10'"  em  ') 

'  A., 

ZnTe 

0.41  CVS  K) 

S6  6(2VS  K» 
I,t02.0(40  K) 

4b 

0.4V 

0.75 

0.15 

ZnSe 

2.20  CV.t  K) 

.14  .t  (2V,1  K) 
I47.I  (77  K) 

V.54 

lO.I 

0.11 

ZnSSe 

l  ..t4(2V.t  K) 

24..1  (2V.1  K) 

Sl.l  (I06K) 

7.7V 

20..1 

0.2h 

ZnMgSSe 

0..tS(2V0K) 

ll.6(2V0  K> 

14.4  (IKI  K) 

177 

Ih  .l  ■' 

lh.4  ' 

(IIP 

'  See  text  for  explanation. 
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rus  level  in  p-ZnTe  (45  tneV)  [12].  Systematic 
Hall  measurements  on  nitrogen-doped  ZnSe  epi- 
layers  with  varying  doping  levels  have  been  re¬ 
ported  by  the  authors  [6];  the  linear  dependence 
between  the  observed  activation  energies  and  the 
averaged  ionized  acceptor  spacing,  as  well  as  the 
approximate  consistency  between  the  extrapo¬ 
lated  activation  energy  at  infinite  dilution  (114 
meV)  and  the  value  (128  meV)  from  .simple  effec¬ 
tive  mass  model,  are  consistent  with  the  nitrogen 
acceptor  behaving  as  a  hydrogcnic  impurity  in 
ZnSe. 

We  had  previously  reported  that  .significantly 
higher  free  hole  concentrations  were  obtained  in 
ZnTe  :  N  than  ZnSe  ;  N  where  both  were  grown 
under  very  similar  growth  conditions  and  with  the 
same  nitrogen  flux  [13].  The  values  of  /V,  for 
ZnSe  and  ZnTe  were  about  9.5  X  10”  and  9  x 
10'^  cm  '  for  particular  samples  from  which  we 
have  recently  obtained  SIMS  data.  Of  interest  is 
that  the  measured  N  concentrations  approxi¬ 
mately  tracked  the  acceptor  concentrations  at 
1  X  10''*  cm"'  for  ZnSe  and  8.8  x  10"*  cm"  '  for 
ZnTe.  The  implication  of  these  measurements  is 
that  for  the  particular  growth  conditions  and  ni¬ 
trogen  plasma  conditions,  the  limitation  of  p-dop- 
ing  level  in  ZnSe  is  not  so  much  compensation 
limited  as  it  is  limited  by  the  solubility  of  nitrogen 
accepter  [14]. 

In  extending  the  study  of  horizontal  transport 
into  wider  bandgap  alloys  such  as  ZnS,|„„Se„„- 
and  Znii.yMgiiipS,,  ijSCiixh.  the  differences  in  the 
temperature-dependence,  i.e..  the  freeze-out  be¬ 
havior.  become  more  noticeable  as  is  revealed  by 
the  slopes  of  the  lines  in  Fig.  2b.  Given  the  lack 
of  carrier  (hole)  saturation  up  to  320  K.  the 
values  of  N.^  and  for  (Zn.MgKS.Se)  may  be 
somewhat  higher  than  the  real  values.  (The  com¬ 
pensation  ratio  A[|/yV,  is  known,  however.)  Nev¬ 
ertheless,  the  activation  energy  of  nitrogen  in  the 
(Zn.MgKS.Se)  can  be  extracted  from  the  linear 
region  of  the  freeze-out  curve  to  be  177  meV;  this 
represents  an  increase  of  activation  energy  by 
about  80  meV  in  going  from  Zn(S.Se)  to  Zn- 
MgSSc,  a  change  which  is  not  fully  accounted  for 
by  the  effective  mass  model  a.s.suming  Vegard  s 
law  for  most  of  the  physical  parameters.  It  is 
interesting  to  note  that  similar  behavior,  namely 
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Fig.  3.  Aciivaiion-ent‘rg>  versus  valence  band  off.sei  lor  Gc- 
doped  AiGaAs  [lb].  Zn-doped  AlGalnP  [15]  Iboih  in  dashed 
lines),  and  N-doped  ZnMgSSe  (solid  circles).  Valence  hand 
edges  of  GaAs.  GaInP.  and  ZnSe  are  used  as  reference  pt^ints 
for  the  three  material  systems. 


the  rapid  deepening  of  impurity  levels  toward 
wider-gap  alloy  compositions,  has  been  observed 
in  Zn-doped  p-(AI.Ga)InP  [15]  and.  more  pro¬ 
nouncedly,  in  Ce-doped  p-(Al.Ga)A.s  {16}.  The 
experimental  data  from  the  three  material  sys¬ 
tems  are  compiled  in  Fig.  3  where  the  activation 
energies  are  plotted  versus  "valence  band  offset"; 
the  valence  band  offsets  were  derived  from  alloy 
composition  assuming  conventional  conduction/ 
valence  band  offset  ratios  for  the  III-V  com¬ 
pounds  [17].  The  valence  band  offset  between 
ZnSe  and  ZnSSe  was  determined  using  Van  de 
Wallc's  calculation  [18]  and  an  LCAO  approach 
was  chosen  for  the  ZnMgSSe  system  [19].  Al¬ 
though  the  discrepancy  between  the  observed 
and  the  effective  mass  theory  (which  will  be  a 
very  flat  line  on  this  scale)  could  well  be  due  to 
the  so-called  "central  cell  correction"  [20],  fur¬ 
ther  understanding  of  such  corrections  in  mixed 
crystals  is  desirable  to  assert  the  physical  origin  of 
the  observed  behavior.  Such  a  rapid  increase  of 
nitrogen  activation  energy  in  ZnMgSSe  is  worthy 
of  concern  given  the  implication  of  limited  con¬ 
ductivity  for  the  quaternary  epilayers  in  the  even 
bluer  region. 

As  an  additional  elaboration  on  the  freeze-out 
curve  of  the  ZnMgSSe.  one  notices  immediately  a 
deviation  of  experimental  data  points  from  the 
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linear  region  when  the  temperature  is  below  160 
K.  Sueh  phenomena  could  be  attributed  to  the 
onset  of  impurity  band  conduction  when  the  de¬ 
termination  of  free  hole  concentration  from  Hall 
coefficient,  based  on  a  single-band  assumption, 
becomes  ambiguous.  Further  examination  on  the 
above  speculation  using  the  conventional  crite¬ 
rion,  namely  the  comparison  between  the  impu¬ 
rity  Bohr  radius  and  the  average  impurity  spac¬ 
ing,  revealed  that  the  latter  is  still  more  than  an 
order  of  magnitude  larger  than  the  former  which 
makes  the  impurity-band  model  merely  a  remote 
possibility.  An  alternative  explanation,  which  was 
provided  in  elucidating  similar  behavior  in  the  Gc 
doping  of  AIGaAs  [16],  requires  the  presence  of  a 
second  shallower  acceptor  level  with  a  much  lower 
concentration.  The  activation  energy  associated 
with  this  level  can  be  determined  from  the  slope 
of  the  ln(  pT  '  versus  I /T  plot  to  be  about  88 
meV. 


4.  Vertical  transport 

The  lack  of  high-quality  conducting  11-V!  sub¬ 
strates  has  thus  far  constrained  most  of  the 
ZnSc-based  diode  lasers  and  LEDs  to  closely 
lattice-matched  GaAs  substrates  and/or  epilay- 
crs.  While  the  structural  integrity  was  signifi¬ 
cantly  advanced  with  the  rigid  control  of  alloy 
composition  in  achieving  lattice  compatibility, 
electrical  transport  across  the  n-ZnSc/ n-GaAs 
hctcrovalent  interfaces  was  presumed  to  play  only 
a  minor  role  in  terms  of  the  overall  device  l-V 
characteristics.  This  seemingly  plausible  conjec¬ 
ture.  ba.scd  on  the  argument  that  the  conduction 
band  offset  between  ZnSe  and  GaAs  is  quite 
small  [21],  in  fact  overlooks  the  detrimental  effect 
of  carrier  depletion  near  the  hctcrovalent  inter¬ 
face  due  to  the  presence  of  a  high  density  of 
interface  states. 

Figs.  4a  and  4b  arc  the  computer  output  of 
n-ZnSc/n-GaAs  band  diagrams  with  and  without 
the  presence  of  interface  traps;  the  simulation 
program  solves  the  Poi.sson  and  continuity  equa¬ 
tions  using  a  drift-diffusion  current  model.  Quan¬ 
tum  mechanical  tunneling  and  veltKity  saturation 
were  not  taken  into  account  for  the  present  ver- 


No  trap 


n-GaAs 
n-ZnSe  ■ 


V^O  2V 


2 

lb) 
3  ■ 

4- ^ 

5- 
0  - 

-  E., 


Nil-;4*10’^  ern  ^ 

'^-GaAs 
r^-ZnSe  — '  ' 


8-  •  8  ■ 

Q.  . .  .  .  _  -  a  -  -  - ...... 

0  500  1000  tsoo  0  500  lOOO  ISfiO 

Thickness  (A|  Thickness  (A, 


Fig.  4.  Band  diagrams  of  a  ZnSc,  GaAs  hctcroinicrfacc  (i) 
under  equilibrium  wilhoul  (a)  and  with  (h)  the  presence  qI 
iiUertuce  stales,  (ii)  under  high  level  injection  withi>ut  Ic)  and 
with  (d)  the  presence  of  interface  stales.  See  text  for  details. 


sion.  Doping  levels  of  ZnSe  and  GaAs  were  cho¬ 
sen  to  simulate  the  real  device,  a  conduction 
band  offset  of  .^(K)  meV  was  used  between  ZnSe 
and  GaAs.  and  an  interface  state  density  of  4  x 
10’'  cm  '  was  chosen  from  our  previous  studies 
of  ZnSe/GaAs  interfaces  [22],  The  extension  of 
the  depletion  layer  into  p-ZnSe  (in  addition  to 
the  depletion  region  due  to  the  band  offset  in 
Fig.  4a)  is  apparent  in  Fig.  4b.  7'he  hindrance  to 
carrier  transport  is  acerbated  under  high  level 
injection  where,  due  to  the  sparseness  of  the 
carriers  in  the  depletion  region,  a  high  electric 
field  is  e.sscntial  to  initiate  an  appreciable  drift 
current  component  (Figs.  4c  and  4d). 

The  width  of  the  depletion  region  is  intimately 
related  to  the  doping  concentration,  and  there¬ 
fore  can  be  reduced  by  employing  of  heavy  dop¬ 
ing  near  the  ZnSe/GaAs  interface.  With  the 
introduction  of  a  2(K)  A  layer  of  n-ZnSe  doped  to 
2  X  10"’  cm  '  (compared  to  the  normal  doping  of 
.S  X  10”  cm  we  have  indeed  observed  a  re¬ 
duction  in  the  operating  voltage  of  about  1.7  V  at 
a  current  density  of  300  A/cm’  from  two  typical 
(Zn.MgXS.Sc)  single  quantum  well  lasers.  In  the 
context  of  a  lasing  threshold  voltage  as  low  as  7  V 
[5],  such  a  reduction  in  terms  of  the  device 
impedance  is  quite  substantial.  It  is  worth  point¬ 
ing  out  that  the  approach  of  using  heavy  doping  is 
inevitably  accompanied  by  a  compromise  in  mate- 
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rial  quality,  which  is  particularly  undesirable  at 
the  beginning  of  the  epitaxial  growth.  To  circum¬ 
vent  such  a  dilemma,  an  experiment  based  on  our 
previous  study  [22]  in  controlling  the  stoichiome¬ 
try  of  GaAs  before  the  nucleation  of  ZnSc  was 
performed.  Two  n-Zn(S,Se)  epilayers  of  I  /tm 
thick  (samples  A  and  B)  were  grown  on  thin 
layers  of  ZnSe,  which  were  first  nucleated  on 
GaAs  epilayers.  The  ZnSe  layer  of  sample  A,  the 
reference  sample,  was  nucleated  on  a  c(4  x  4) 
As-rich  GaAs  surface  (this  had  been  u.sed  for  all 
of  our  laser  structures).  Doping  levels  of  the 
ZnSe  and  Zn(S,Se)  were  2  X  10'"  and  5  X  10'^ 
cm  \  respectively.  On  the  other  hand,  the  ZnSe 
of  sample  B  was  nucleated  on  the  Ga-rich  side  of 
a  (4  X  6)  GaAs  surface  [23],  and  a  reduced  level 
uniform  doping  of  3  X  10'’  cm  ’  was  employed 
throughout  the  II-Vl  layers;  it  was  demonstrated 
by  us  that  the  nueleation  of  ZnSe  on  a  Ga-rich 
GaAs  surface  could  lead  to  a  reduction  of  density 
of  interface  states  by  orders  of  magnitude  com¬ 
pared  to  that  nucleated  on  a  As-rich  GaAs  sur¬ 
face.  (A  ZnSc  layer  of  500  A  with  doping  exceed¬ 
ing  1  X  10 cm  ■ '  was  grown  as  a  top  contacting 
layer  for  both  samples.)  The  n-ll-VI/n-GaAs 
structure  studied  here  can  be  thought  as  one  part 
of  an  aetual  laser  device.  Ti/Au  was  chosen  to 
contact  n-ZnSe  [24],  and  a  mesa  etch  was  em¬ 
ployed  (etching  down  to  the  GaAs  layer)  to  elimi¬ 
nate  current  spreading.  It  was  shown  that  for  an 
injection  current  density  of  .3(M)  A/cm’,  the  oper¬ 
ating  voltage  of  sample  B  ( 1.7  V)  is  less  than  that 
of  sample  A  (2.3  V)  despite  the  fact  that  the 
doping  was  significantly  lower  in  sample  A. 


5.  Conclusions 

Transport  properties  of  ZnSe-based  structures 
were  characterized  through  the  availability  of  the 
Zn(Te.Se)  graded  ohmic  contact.  The  rapid  in¬ 
crease  of  accepter  activation  energy  as  a  function 
of  the  bandgap  of  the  ZnMgSSe  indicated  that 
the  eontrol  and  reduetion  of  p-type  conductivity 
might  become  an  issue  of  primary  concern  as  one 
tries  to  push  the  II-VI  diode  lasers  into  even 
shorter  wavelength  regime.  We  demonstrated  the 
detrimental  effeet  of  interface  states  to  the  verti¬ 


cal  transport  across  the  ZnSe /GaAs  heterointer¬ 
faces.  Two  approaches  were  employed  in  address¬ 
ing  this  problem:  the  use  of  a  heavily  doped  ZnSe 
region  near  the  interface  to  minimize  the  width 
of  depletion  region  or  alternatively,  the  control  of 
GaAs  stoichiometry  prior  to  the  nucleation  of 
ZnSe  to  reduee  the  density  of  interface  states. 
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Abstract 

The  structural  properties  of  HgSe  grown  by  molecular  beam  epitaxy  (MBF.)  tire  investigtiteil  lor  ililleient  Ititliee 
mismatches  to  the  substrate  tind  various  growth  comlitions.  The  growth  rtite  is  shown  to  ilepemi  strongly  on  the 
growth  temperature  above  111(1  ('  as  well  as  on  the  Hg/Se  Ilux  ratio.  It  htis  been  found  thtit  the  erysttilline  perleetion 
and  the  electrical  properties  are  mainly  determined  by  the  layer  thickness,  espeeitilly  for  the  growth  on  highly  lattice 
mismatched  substrates.  C  hanges  in  the  surface  morphology  are  related  to  growth  p;ir;imeters.  Diflerenees  between 
the  eleetrie;il  behavior  of  MBfi-grown  and  bulk  ligSe  are  discussed.  The  eleetriciil  properties  of  lIgSe  contacts  on 
p-ZnSe  are  investigated  ;is  a  function  of  different  annealing  procedures. 


I.  Introduction 

I'he  fabrication  of  low-rcsistancc.  ohmic  cvin- 
tttcis  to  p-ZnSc  is  still  tine  of  the  major  problems 
in  the  technology  of  blue  and  greett  light  emitting 
devices  based  on  Zn.Se  and  related  compounds. 
At  present,  gold  is  the  most  cttmmonly  used  con¬ 
tact  material  which  forms  a  Schtittky  contact  with 
an  offset  of  about  1.4  eV  to  the  valence  band  of 
ZnSe.  To  obtain  light  emissioti.  large  voltages  of 
10-20  V  are  needed  to  break  down  the  reverse 
biased  Au/p-ZnSe  junction  in  a  forward  biased 
diode  device. 

Recently  Lansari  et  al.  [1]  produced  nearly 
ohmic  contacts  to  highly  doped  p-ZnSe  by  using 
flgSe.  They  observed  smaller  Llil)  turn-on  volt¬ 
ages  of  2-.4  V  compared  to  that  of  gold  as  a 
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result  of  the  lower  v  alence  band  offset  of  O.b-O.S 
eV  [2],  A  p-type  doped  ffg ,  ,  Zn  ,  Sc  graded  layer 
was  predicted  to  further  improve  the  diode  prop¬ 
erties  ( I..']. 

The  potential  of  HgSe  as  a  contact  to  p-type 
ZnSe  has  lead  to  an  increased  interest  in  investi¬ 
gations  of  its  MBh  growth  conditions.  LInlil  now 
very  few  publictitions  concerning  this  matter  htive 
appeared  in  the  literature  [1.4].  In  this  article, 
characteristics  of  MBli  growth  of  Hg.Se  arc  pre¬ 
sented  and  their  inlluence  on  structural  and  elec¬ 
trical  properties  of  the  resulting  epilaycrs  are 
di.scussed. 


2.  Experimental  delaiKs 

Epitaxial  growth  was  carried  out  in  a  Riber 
2.4()()  MBE  system,  equipped  with  a  self-designed 
Hg  effusion  cell.  The  absolute  Se  flux  was  rou- 
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tincly  calibrated  by  depositing  Se  on  cold  GaAs 
and  Si  substrates,  assuming  the  Se  sticking  coeffi¬ 
cient  to  be  unity.  HgSe  was  grown  on  ((KH)  CdTe 
and  (001)  ZnTe  substrates,  which  have  a  lattice 
mismatch  of  6.1''^  and  O.ZTG.  respectively.  The 
substrates  were  chemo-mechanically  polished  with 
a  solution  of  Br  in  methanol,  degreased  in  stan¬ 
dard  solvents,  etched  with  HCI.  thermally  cleaned 
in  vacuum  at  .150°C  (under  Cd  flux  for  the  CdTe 
substrates)  and  overgrown  with  a  homoepitaxial 
buffer  layer.  Nitrogen-doped,  p-type  ZnSc  layers 
were  grown  on  GaAs  (001)  substrates  in  a  sepa¬ 
rate  MBE  growth  chamber  and  transferred  to  the 
Hg  chamber  without  breaking  the  ultrahigh  vac¬ 
uum  (UHV). 

'fhe  thickness  of  the  HgSe  epilayers  on  all 
samples  was  determined  directly  with  a  depth 
profiler  by  measuring  the  height  of  a  step  caused 
by  a  contact  mask  on  the  substrates.  The  electri¬ 
cal  properties  were  determined  using  the  Van  der 
Pauw  method  for  the  Hall  effect  at  0..^  T.  The 
data  were  analyzed  with  a  one-charge  carrier 
mi'del.  The  crystalline  vjuality  of  the  epilayers  was 
investigated  by  means  of  the  (004)  Bragg  rellcc- 
tion  in  a  high-resolution  five-crystal  X-ray  diffrac¬ 
tometer.  Electrochemical  C-E  profiling  was  used 
to  determine  the  carrier  concentration  in  the 
ZnSc :  N  layers. 


3.  Results  and  discussion 

The  growth  rate  of  HgSe  depends  strongly  on 
the  growth  temperature,  as  shown  in  Fig,  1.  This 
indicates  a  much  higher  desorption  rate  for  HgSc 
than  for  HgTc  whose  growth  rate  remains  nearly 
constant  over  the  same  temperature  range 
The  exponential  fit  indicated  in  Fig.  1  gives  an 
activation  energy  for  the  desorption  of  only  0.22 
±  (I.O.I  eV.  This  value  is  lower  than  ()..“' 1  and  ()..‘i2 
eV.  which  arc  the  congruent  heats  of  sublimation 
for  Hg(g)  and  Se„  (g).  respectively,  in  equlibrium 
with  crystalline  HgSe  [bl.  Heating  HgSe  in  UHV 
shows  that  chemi-desorptKtn  is  negligible  for  tem¬ 
peratures  below  2()()°C'.  Therefore  the  observed 
decrease  in  the  growth  rate  is  related  to  the 
precursor  state  and  not  to  the  ehemisorbed  state. 
It  should  be  mentioned  that  one  is  limited  to 
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Fig.  1.  The  growih  rate  uf  I  IgSe  and  the  Se  slicking  cf'clYicient 
versus  the  gn^vvih  icmperaiure. 

growth  temperatures  lower  than  120^  for  useful 
growth  rates  of  HgSe. 

In  addition  to  its  dependence  on  the  growth 
temperature,  the  growth  rate  is  also  inlluenccd  by 
the  Hg  tlux.  Fig.  2  indicates  the  presence  of 
distinctly  different  behavior  of  the  grow  th  rate  for 
two  ranges  of  Hg  fluxes.  The  growth  rate  in¬ 
creases  with  increasing  Hg/Se  beam  pressure 

11”  .Sr  lln.x  rat  io  /c. 
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Fig.  The  growth  rale  HgSc  and  the  Sc  sticking  coefficient 
versus  the  Hg  beam  pressure  and  Mg/Se  flux  ratio. 
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ratio  (in  the  following  loosely  referred  to  as  flux 
ratio)  as  long  as  this  ratio  is  lower  than  50.  This 
behavior  is  well  known  for  the  MBE  growth  of 
binary  eompounds  AB  (see,  e.g.,  ref.  [7])  and  is 
indicative  of  growth  under  B-rich  conditions,  i.e. 
Se-rich  conditions.  This  is  the  case  in  spite  of  the 
apparent  excess  of  Hg,  due  to  the  extremely  low 
Hg  sticking  coefficient.  Polycrystalline  growth  in¬ 
curs  for  Hg/Se  flux  ratios  smaller  than  20.  For 
Hg/Se  flux  ratios  higher  than  50.  the  growth  rate 
decreases  exponentially,  which  might  have  several 
causes.  A  possible  explanation  is  the  prevention 
of  the  incorporation  of  Se  into  the  crystal  due  to 
screening  of  the  surface  by  a  high  surface  concen¬ 
tration  of  Hg  atoms  in  a  physisorbed  precursor 
state.  Another  mechanism  could  be  the  scattering 
of  the  Se„  (n  =  6.  5.  7,  . . . )  molecules  by  the  high 
density  of  Hg  atoms  in  the  Hg  beam.  Recently,  a 
similar  but  less  obvious  dependence  on  Hg  flux 
was  determined  for  the  growth  of  HgTe  by  means 
of  oscillations  in  the  reflection  of  high-energy 
electron  diffraction  (RHEED)  [5].  It  is  unclear  at 
the  present  as  to  which  mechanism  (or  combina¬ 
tion  of  both)  is  responsible  for  the  large  decrease 
in  HgSe  growth  rate. 

The  dependence  of  the  growth  rate  on  both 
the  growth  temperature  and  the  Hg  flux  led  us  to 
study  the  structural  properties  of  the  HgSe  layers 
as  a  function  of  their  thickness  in  detail.  Fig.  3 
demonstrates  that  the  crystalline  quality  of  HgSe 
grown  on  highly  lattice-mismatched  CdTc  de¬ 
pends  strongly  on  the  layer  thickness.  The  best 
HgSe  samples,  i.e.  thick  layers,  have  rocking 
curves  with  a  full  width  at  half  maximum  (FWHM) 
down  to  220  arc  sec.  The  large  dislocation  density 
at  the  HgSe/CdTe  interface  becomes  smaller 
with  increasing  thickness  due  to  a  healing  pro¬ 
cess.  The  growth  on  nearly  lattice-matched  ZnTe 
provides  partially  strained  layers  which  relax  at  a 
critical  thickness  d^.  with  subsequent  generation 
of  dislocations.  This  is  clearly  demonstrated  by 
the  maximum  in  Fig.  3  at  d  =  0.5  /itn-  Hence  the 
critical  thickness  for  HgSe  on  ZnTe  must  be 
smaller  than  0.5  /xm.  which  is  in  fair  agreement 
with  the  value  of  d^  =  0.25  /xm  obtained  from  the 
model  of  Matthews  and  Blakeslee  [8].  Other 
models  give  values  as  small  as  23  nm  [9|  or  as 
large  as  2.4  /xm  [10). 


Layer  t hii'kiifss  d  l//ni) 

Fig.  Full  width  ;il  nuiMniiini  (FWHM)  ot  the  (IM)-I) 
X-ray  nuking  curves  versus  the  layer  thickness  ot  HgSe  grown 
on  C'dTe  and  ZnTe. 


The  change  of  the  crystalline  quality  with  layer 
thickness  is  accompanied  by  a  change  in  the 
electrical  properties,  as  shown  in  Fig,  4  for  the 
growth  on  CdTe.  The  mobility  at  .300  K  is  limited 
mainly  by  the  crystal  perfection  which  gets  wxrrse 
near  the  substrate  interface.  Moreover,  the  Hall 
data  indicate  that  the  higher  dislocation  density 
causes  an  increase  in  the  carrier  concentration. 


l.nycr  t </ 


Fi}!.  4.  Il;ill  mobility  ;inil  carrier  concentration  at  tlKI  K  ccrMi^ 
layer  thickness  of  lIgSc  grown  on  ( (.He. 
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i.e.  is  related  with  the  generation  of  donors.  How¬ 
ever.  this  is  ineonsistent  with  measurements  of 
the  interband  absorption  whose  interpretation  re¬ 
quires  a  nearly  constant  carrier  concentration  [11], 
In  the  ease  of  the  MBE  growth  of  HgSe  on  highly 
lattice-mismatched  CdTe  substrates,  the  depen¬ 
dence  of  the  crystalline  quality  on  the  layer  thick¬ 
ness  is  shown  to  be  much  stronger  than  its  depen¬ 
dence  on  any  growth  parameter,  i.e.  growth  tem¬ 
perature  or  Hg/Se  flu.x  ratio.  Mobilities  of  the 
best,  i.e.  thick,  epilayers  range  from  12(KK)cm'/V 
•  s  at  .i()()  K  to  44000  cmVV  •  s  at  20  K. 

The  surface  of  HgSc  samples  exhibits  rectan¬ 
gular  pyramidal  hillocks  similar  to  those  observed 
on  epitaxially  grown  (001)  HgCdTc  (see,  e.g.,  ref. 
[12]).  The  density  of  these  hillocks  is  6  X  10^  to 
X  10'  cm  Furthermore,  an  additional  "mac¬ 
roscopic  "  roughne.ss  was  observed  which  depends 
on  the  growth  parameters.  Surface  scans  pre¬ 
sented  in  Fig.  show  a  decrease  in  the  roughness 
with  decreasing  growth  temperature  and  increas¬ 
ing  Hg/Se  tlux  ratio.  The  surface  roughening  is 
possibly  related  to  the  Hg  coverage  of  the  growth 


l  it!  .S.  Surface  roughness  of  HgSe  (</  =  O.h  on  CdTe  for 
different  growth  temperatures  and  Ilg/Se  ilu\  ratios. 
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Fig.  f).  Ratio  of  carrier  concentrations  at  .flit)  and  2(1  K  versus 
carrier  concentration  at  20  K, 


surface,  which  decreases  with  higher  tempera¬ 
tures  and  lower  Hg  tluxes. 

Comparing  the  electrical  data  of  our  samples 
to  bulk  HgSe.  we  observe  a  stronger  than  ex¬ 
pected  decrease  in  the  carrier  concentration  at 
lower  temperatures,  as  shown  in  Fig.  6.  The 
dashed  line  is  the  expected  behavior,  calculated 
using  the  method  and  parameters  published  for 
bulk  HgSe  [1.''],  Assuming  that  the  band  structure 
parameters  are  correct,  the  deviation  for  MBF 
grown  HgSe  can  be  explained  by  ( 1 )  postulating 
more  than  one  type  of  charge  carriers.  (2)  assum¬ 
ing  a  temperature  dependence  for  the  donor  con¬ 
centration.  or  (.4)  supposing  different  scattering 
mechanisms  which  would  change  the  carrier  con¬ 
centration  as  calculated  from  the  experimental 
Hall  constant.  At  present  none  of  these  explana¬ 
tions  could  be  shown  to  be  the  correct  one. 

In  order  to  study  the  electrical  properties  of 
HgSe  contacts  on  p-ZnSc.  contact  stripes  (.4.1 
mm  X  0.5  mm)  of  p-ZnSe  (p  =  4x  10''  cm  ’) 
with  five  equidistant  mesas  (0.1  mm  x  ().5mm)  of 
HgSe(25t)  nm)/Ni(.40  nm)/Au(220  nm)  were  fab¬ 
ricated  using  standard  photolithographic,  etching 
and  lift-off  techniques.  Three-  and  four-pttint 
measurements  provided  the  contact  resistance 
and  the  resistivity  of  the  p-ZnSe  layer,  respec- 
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lively.  The  samples  were  annealed  in  nitrogen 
atmosphere  in  order  to  produce  a  graded  gap 
(HgSe-ZnSe)  by  Hg-Zn  interdiffusion  [14],  l-V 
curves  measured  between  two  HgSe  contacts  af¬ 
ter  annealing  for  different  periods  of  time  at 
30()°C  are  shown  in  Fig.  7.  By  extrapolating  the 
linear  part  of  the  curve  at  high  voltages  to  /  =  0. 
typical  voltage  offsets  of  1-2  V  are  obtained 
which  are  consistent  with  the  values  reported  in 
ref.  [1]  for  this  hole  concentration  in  p-ZnSe. 
Annealing  the  samples  does  not  result  in  a  ohmic 
behavior  of  the  contacts,  as  has  been  shown  for 
HgTe/p-CdTe  contacts  [15],  but  increases  the 
total  resistance  as  illustrated  in  Fig.  7.  This  is 
mainly  due  to  an  increase  in  the  resistivity  of  the 
p-ZnSe  layer  during  annealing,  as  determined  by 
four-point  measurements,  see  Fig.  8.  C-V  mea¬ 
surements  showed  that  the  hole  concentration  in 
p-ZnSe  decreased  by  annealing,  but  only  in  a  50 
nm  thick  region  near  the  surface  by  less  than  a 
factor  of  4.  .Since  this  change  in  the  hole  concen¬ 
tration  is  too  small  to  explain  the  increase  in  the 
resistivity,  annealing  seems  to  reduce  the  hole 
mobility.  The  physical  background  of  this  effect  is 
not  understood  at  present. 


■>  :)  I 
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I  ig.  7  Two-point  measurcmfnt>  of  current  versus  voltage  for 
p-ZnSe  with  MgSe  contacts  after  annealing  at  .tlltrc  for 
different  periods  of  time. 
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Fig.  S.  Resistivity  of  a  p-ZnSe  layer  determined  hy  four-point 
mea.suremenis  versus  annealing  time  for  different  annealing 
temperatures. 


The  contact  is  not  ohmic,  as  can  be  seen  in  the 
nonlinear  l-V  curves  of  Fig.  7.  Htwever.  the 
voltage  drop  across  the  contact  as  determined  by 
three-point  measurements  was  taken  as  a  figure 
of  merit  for  the  contact.  This  value  was  reduced 
by  0.5  to  1.5  V  upon  annealing  at  temperatures 
up  to  2()0°C.  All  experimental  results  lead  to  the 
conjecture  that  ohmic  behavior  of  HgSe/p-ZnSe 
contacts  cannot  be  obtained  by  annealing  and 
that  a  graded  gap  between  FlgSe  and  p-ZnSe. 
which  should  display  ohmic  behavior,  has  to  be 
grown  by  MBE. 


4.  Conclusions 

The  intluence  of  MBE  growth  parameters  on 
the  structural  properties  of  FlgSe  was  investi¬ 
gated.  The  growth  rate  was  shown  to  depend  on 
the  growth  temperature  and  the  Hg/Se  flux  ra¬ 
tio.  For  the  growth  on  highly  lattice-mismatched 
substrate.s.  the  crystal  perfection  is  determined 
mainly  by  the  layer  thickness  and  less  by  growth 
parameters.  MBE-grown  HgSe  shows  .significant 
differences  in  electrical  behavior  compared  to 
bulk  HgSe.  Electric  contacts  to  p-ZnSe  by  means 
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of  HgSe  do  not  exhibt  ohmic  behavior  after  an¬ 
nealing.  whereas  the  resitivity  of  annealed  p-ZnSe 
increases  significantly. 
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Abstract 

Hole  diffusion  lengths  were  determined  for  two  epitaxial  n-type  ZnSe  layers  by  fitting  the  measured  photolumi¬ 
nescence  spectra  to  a  theoretical  expression  which  contains  the  measured  absorption  constants.  The  room  tempera¬ 
ture  hole  diffusion  lengths  are  found  to  be  0.1  and  0.06  #im  for  ZnSc  with  electron  concentrations  of  1.6  x  10'^  and 
9.0x10'’  cm  respectively.  These  short  diffusion  lengths  are  attributed  to  a  strong  Hall-Shockicy-Read 
recombination. 


1.  Introduction 

Extensive  studies  have  recently  been  carried 
out  on  the  epitaxial  growth  and  doping  of  ZnSe 
and  related  wide-band-gap  1 1- VI  compounds.  As 
a  result,  room  temperature  blue  ZnSe  p-n  junc¬ 
tion  light  emitting  diodes  (LEDs)  have  been  fab¬ 
ricated  in  experimental  form  and  blue  lasers  con¬ 
taining  ZnSe  based  quantum  wells  have  been 
reported  to  work  briefly  at  room  temperature.  At 
present,  however,  there  are  still  many  problems 
to  be  solved  for  further  improvement  of  device 
performance.  Other  than  the  limit  of  maximum 
hole  concentration  attainable  and  the  lack  of  very 
good  ohmic  contacts  to  p-type  material,  a  major 
problem  in  ZnSe  is  that  the  radiative  recombina¬ 
tion  efficiency  of  the  blue  emission  at  room  tem- 
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perature  under  moderate  excitation  is  low  in  sam¬ 
ples  which  are  currently  available. 

The  minority  carrier  lifetime  and  diffusion 
length  are  of  great  importance  for  the  perfor¬ 
mance  of  any  minority-carrier  solid-state  device, 
since  they  govern  the  injection  efficiency  of  the 
p-n  junction  and  the  radiative  efficiency  of  the 
subsequent  recombination.  We  have  previously 
shown  [1]  that  the  decay  time  of  the  blue  emis¬ 
sion  in  metalorganic  chemical  vapour  deposition 
(MOeVD)  ZnSe  epilayers  is  ~  1(K)  ps,  much 
shorter  than  that  calculated  for  purely  radiative 
transitions. 

We  report  in  this  paper  measurements  of  the 
hole  diffusion  length  in  n-type  ZnSe  samples 
which  by  present-day  standards  are  good  room 
temperature  blue  emitters.  We  u.sed  the  method 
devised  by  Haynes  and  Nils.son  [2]  and  used  by 
them  for  Ge  and  subsequently  used  for  GaAs  by. 
for  example,  Hwang  [3].  It  is  the  reabsorption  of 
the  emitted  radiation  which  enables  us  to  deter¬ 
mine  the  hole  diffusion  length  from  the  measured 
optical  absorption  and  photoluminescence 
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2.  Theory 

Although  the  principles  of  the  method  em¬ 
ployed  are  already  known,  we  repeat  here  some 
salient  points  for  completeness.  In  the  photolumi¬ 
nescence  measurements,  the  excitation  light  is 
absorbed  near  the  sample  surface  within  the  ab¬ 
sorption  length  of  the  light.  The  photo-produced 
minority  carriers  diffuse  into  the  sample  and  re¬ 
combine  with  the  majority  carriers  within  a  depth 
determined  by  the  diffusion  length.  The  shape  of 
the  internal  emission  spectrum  can  be  calculated 
from  the  measured  absorption  spectrum  using 
detailed  balance,  as  proposed  by  Van  Roos- 
broeck  and  Shockley  [4],  However,  the  external 
emission  spectrum  is  modified  by  the  reabsorp¬ 
tion  of  radiative  emission. 

By  taking  into  account  the  effect  of  reabsorp¬ 
tion  of  emitted  photons  on  the  observed  spectral 
response  Khv).  we  can  express  the  number  of 
photons  emerging  from  the  crystal  in  unit  time  as 

/(/O')  d(hu)  =A  r^R  e-‘"''"'  d.v.  (I) 

•'ll 

where  /I  is  a  proportional  constant.  AR  the  net 
radiative  recombination  rate  in  the  interval  (Rhy) 
and  ailiy)  is  the  absorption  constant  of  the  radia¬ 
tive  emission. 

From  the  principle  of  detailed  balance.  Van 
Roosbroeck  and  Shockley  [4]  showed  that  the  net 
radiative  recombination  rate.  i.e.  the  difference 
between  the  total  recombination  rate  and  the 
thermal  equilibrium  value,  for  unit  volume  and 
an  energy  interval  (Rhy)  is 

/I  1  \  Hrrn; 

AR  -  I - h  —  }A/7—-j—r(Ry)~  a(/iy) 

l«o  Pnl  hy' 

xexp(- —  j  t/(/i//).  (2) 

where  n,  is  the  refractive  index,  n„  and  /?„  are 
the  electron  and  hole  concentrations  in  thermal 
equilibrium.  Ap  is  the  excess  hole  concentration 
and  the  other  symbols  have  their  usual  meaning.s. 

We  assume  that  the  electron-hole  pair  con¬ 
centration  created  by  the  reabsorption  of  the 
radiative  emission  is  small  compared  with  that 
created  by  the  external  excitation.  The  concentra¬ 


tion  profile  of  the  c.xcc.ss  carriers  near  the  surface 
is  then  determined  by  the  minority  carrier  diffu¬ 
sion  length  L.  the  surface  recombination  velocity 
S.  the  diffusion  constant  D.  and  the  absorption 
constant  of  the  excitation  light  as  follows 

Ap{x) 

hL-  1 
D  l-«i^L- 


X 


exp(  ~a„x) 


Oo  +  S/D  I  .r  \ 

(3) 


where  x  is  the  normal  distance  from  the  surface 
and  g  is  the  total  generation  rate  of  the  elec¬ 
tron-hole  pairs  by  external  excitation. 

From  Eqs.  (l)-(3),  the  measured  spectral  rc- 
spon.se  Hhy)  is  found  to  be 


1 

l(hy)=A\  —  + 


1  \ 


"(1  Pn!  I> c 


xexpl-^  -«(/,.) 


a{  hy)  -I- 


(4) 


The  quantities  L  and  S/D  can  in  principle  be 
determined  by  fitting  the  measured  lihy) 
throughout  the  whole  energy  range  to  the  right- 
hand  side  of  Eq.  (4)  using  the  measured  a(/u'). 
The  accuracy  of  this  method  depends  on  the 
uncertainty  involved  in  the  absorption  measure¬ 
ments.  Carrier  trapping  will  not  affect  the  result 
as  this  is  a  .steady-state  method. 


3.  Experiment 

Epitaxial  layers  of  ZnSe  were  grown  on  GaAs 
substrates  at  28I)°C  by  MOCVD  at  UMIST, 
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Manchester.  Carrier  concentrations  at  room  tem¬ 
perature  were  obtained  from  Hall  effect  mea¬ 
surements  or  capacitance-voltage  characteristics. 
For  photoluminescence  measurements,  a  high- 
pressure  mercury  lamp  with  suitable  filters  was 
used  as  excitation  light.  The  measured  spectra 
were  carefully  corrected  for  the  spectrometer  and 
photomultiplier  response. 

The  samples  used  in  the  absorption  measure¬ 
ments  w'ere  prepared  in  the  following  way.  Some 
of  the  GaAs  substrate  was  removed  by  mechani¬ 
cal  grinding.  Using  a  soft  transparent  wax,  the 
sample  was  attached  by  the  ZnSe  face  to  a  glass 
plate.  The  remaining  GaAs  was  removed  with  a 
hydrogen  peroxide-aqueous  ammonia  etch  and 
the  ZnSe  was  thinned  using  a  bromine-methanol 
etch.  Samples  with  thickness  of  1.0  to  /xm 
were  prepared  in  this  way.  where  the  layer  thick¬ 
ness  was  determined  from  the  interference 
fringes.  A  special  sample  holder  containing  holes 
with  .“iOO  /am  diameter  in  the  centre  of  two  paral¬ 
lel  metal  plates  was  used  to  block  reflected  light 
from  reaching  the  detection  system.  The  angle 
subtended  by  the  sample  at  the  monochromator 
entrance  slit  was  kept  small  to  minimize  any 
photoluminesccnce  being  accepted.  The  absorp¬ 
tion  constants  were  calculated  using  a  reflectivity 
of  0.2. 


4.  Results  and  discussion 

The  photoluminesccnce  spectra  at  rrwm  tem¬ 
perature  for  the  two  samples  A  and  B  are  shown 
in  Fig.  1.  The  room  temperature  electron  concen¬ 
tration  is  1.6  X  10'’  cm  '  for  sample  A  and  9.0  x 
10'^  cm  '  for  sample  B.  As  the  doping  increases, 
the  half-width  of  the  emission  band  becomes 
larger  while  the  peak  position  remains  the  same 
until  the  doping  exceeds  2.0  X  10"*  cm  '.  We 
have  previously  shown  [.“il  that  this  blue  emission 
is  probably  due  to  transitions  between  an  elec¬ 
tron  on  a  donor  and  a  free  hole,  although  sr>mc 
contributions  from  band  tailing  states  cannot  be 
completely  ruled  out.  This  emission  band  spreads 
over  an  energy  range  where  the  absorption  con¬ 
stant  changes  appreciably,  and  is  thus  suitable  for 
use  in  determining  the  diffusion  length. 
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Fig.  1.  The  room  temperature  phololuminescence  spectra  of 
two  n-type  MOCVD  ZnSe  layers:  (  a  )  sample  A  and  (  ) 

sample  B.  The  two  spectra  are  normalized  tt>  the  same  peak 
intensity. 


Fig.  2  shows  the  absorption  constant  as  a  func¬ 
tion  of  photon  energy  for  samples  A  and  B.  Each 
absorption  curve  was  obtained  by  two  separate 
measurements  on  the  same  sample  but  of  differ¬ 
ent  thickness  produced  by  bromine-methanol 
etching.  The  measured  absorption  constant  is 
about  4.7  X  H)"*  cm  '  at  a  photon  energy  of  2.72 
eV  and  increases  slowly  from  2.72  to  2.85  eV. 
This  value  is  about  a  factor  of  1.7  smaller  than 
the  absorption  constant  obtained  by  Adachi  and 
Taguchi  [6]  on  bulk  ZnSe  from  spectroscopic 
cllipsometry,  but  is  in  close  agreement  with  the 
value  obtained  by  Peyghambarian  et  al.  [7]  on 
molecular  beam  epitaxial  (MBE)  ZnSe  epilayers. 

Using  the  measured  ab.sorption  constants  in 
Fig.  2.  Eq.  (4)  was  fitted  to  the  measured  emis- 
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Fig.  2.  The  nxim  temperature  absorption  constant  lor  sample 
A  (solid  line)  and  sample  B  (broken  line). 


480 


J.  Zhenfi,  J.W.  Allen  /  Journal  of  Crystal  Growth  I3H  (1994)  477-4H() 


Photon  energy  (eV) 

Fig.  3.  Examples  showing  the  best  fit  of  the  measured  photo¬ 
luminescence  spectra  to  values  calculated  from  Eq.  (4)  using 
three  different  diffusion  lengths.  The  amplitudes  for  the  two 
samples  have  been  shifted  for  clarity. 

sion  spectra  for  each  sample  to  determine  L  and 
S/D.  The  absorption  constant  a„  at  the  excita¬ 
tion  wavelength  of  365  nm  is  chosen  as  9.0  X  I  O'* 
cm"'.  This  value  is  taken  from  the  result  of 
Adachi  and  Taguchi  [6]  and  corrected  for  the 
difference  factor  of  1.7  between  the  two  measure¬ 
ments.  The  fitting  is  not  very  sensitive  to  5 /D  as 
long  as  it  is  of  the  order  of  10'  cm  " Fig.  3  shows 
the  fitting  by  choosing  three  different  L  values 
for  each  sample  and  a  fixed  value  of  2  x  10' 
cm"'  for  S/D.  The  best  fit  gives  the  hole  diffu¬ 
sion  length  of  0.1  /im  for  sample  A  and  0.06  ^m 
for  sample  B.  Our  value  of  L  is  about  a  factor  of 
three  larger  than  that  of  bulk  ZnSe  with  similar 
carrier  concentration  determined  by  Gautron  and 
Lemas.son  [8]  using  a  photoelectrochemical 
method. 

The  decay  time  t  of  the  blue  emission  at  room 
temperature  has  been  measured  previously  for 
samples  A  and  B  to  be  135  and  70  ps,  respec¬ 
tively.  From  the  measured  L  and  t,  the  hole 
mobility  Mp  calculated  to  be  30  and  20  cm’ 


V '  s  '  for  the  two  samples.  These  values  are  in 
the  range  of  hole  mobility  reported  [9]  from  elec¬ 
trical  measurements  of  p-type  ZnSc  and  they 
show  the  consistency  of  the  decay  time  and  diffu¬ 
sion  length  experiments. 


5.  Conclusion 

The  hole  diffusion  length  at  room  temperature 
was  determined  for  two  MOCVD  epitaxial  ZnSe 
layers.  The  small  hole  diffusion  length  is  consis¬ 
tent  with  our  previous  measurement  of  the  short 
decay  time  of  the  blue  emission  and  confirms  that 
there  is  very  strong  recombination,  implying  that 
the  concentration  of  Hall-Shockley-Read  re¬ 
combination  centres  is  high.  Thus  improvement 
in  ZnSe  as  a  blue  emitter  requires  control  of  the 
deep  level  recombination  centres,  as  was  the  ca.se 
in  the  early  days  of  GaAs  and  InP. 
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Abstract 

Microscopic  four-contact  probes  to  inversion  layers  adjacent  to  grain-boundaries  of  semimagnetic  HgCdMnTe 
have  been  photolithographically  patterned.  Magnetoresistance  measurements  performed  on  these  structures  re¬ 
vealed  aperiodic  conductance  fluctuations  of  the  magnitude  of  the  order  of  c'/h.  Analysis  of  both  fluctuation 
amplitude  and  their  mean  period  indicated  that  the  .studied  .sy.stem  was  in  mesoscopic  regime.  Additionally,  strongly 
nonlinear  current-voltage  characteristics  were  detected  in  the  vicinity  of  the  spin-glass  freezing  (Kcurring  at  T  =  10(1 
mK. 


1.  Introduction 

It  has  recently  been  demonstrated  that  when 
the  linear  size  of  the  conductor  L  becomes  smaller 
than  the  phase  breaking  length  L^,  quantum 
interference  of  scattered  waves  gives  rise  to  ran¬ 
dom  but  reproducible  fluctuations  of  the  band 
conductance  as  a  function  of  external  parameters 
such  as  the  magnetic  field.  Experimental  studies 
[I],  in  agreement  with  theoretical  predictions  (2), 
show  that  in  this  me.so.scopic  regime  the  mean 
amplitude  of  the  fluctuations  is  of  the  order  of 
independent  of  material  properties.  Ac¬ 
cordingly,  the  phenomenon  is  known  under  the 
name  of  universal  conductance  fluctuations 
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(UCF).  At  the  same  time,  the  fluctuation  pattern 
turns  out  to  be  extremely  sensitive  to  actual  dis¬ 
tribution  of  scattering  potential  in  a  given  sample. 
Since  in  magnetic  materials,  because  of  spin  fluc¬ 
tuations,  scattering  potential  associated  with  lo¬ 
calized  spins  varies  in  time,  experimental  studies 
of  UCF  and  of  related  quantum  phenomena  in 
such  systems  may  serve  as  a  valuable  tool  for 
probing  complex  dynamics  of  disordered  mag¬ 
netic  moments.  In  particular,  one  can  study  signa¬ 
tures  of  transition  to  the  spin-glass  phase  [3]. 

We  have  undertaken  millikelvin  magnetotrans¬ 
port  studies  of  microstructures  with  active  layers 
containing  diluted  magnetic  semiconductors  in 
the  form  of  IV-VI  epilayers  or  II-VI  bicrystals 
[4).  Previous  transport  studies  of  II-VI  bicrystals, 
particularly  of  narrow-gap  Hg,_,Mn,Te  (5], 
Flg,_,_,Cd,.Mn,Te  [6],  and  Hg,  ,Cd.Te  [7], 
showed  that  defects  associated  with  the  grain- 
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boundary  plane  had  a  donor  character,  and  thus, 
in  p-type  bulk  material,  gave  rise  to  the  formation 
of  an  inversion  layer  with  typical  electron  concen¬ 
tration  =  10'-  cm".  These  electrons  reside  in  a 
potential  well  of  an  average  width  150  A,  occupy 
3  to  4  electric  subbands,  and  possess  mobility  as 
large  as  5  X  10"'  cm'/V  •  s,  making  observation  of 
the  low-field  Shubnikov-de  Haas  oscillations  and 
quantum  Hall  effect  possible  [6]. 

We  discuss  here  a  simple  method  suitable  for 
examining  mesoscopic  properties  of  electrons  ac¬ 
cumulated  in  the  grain-boundary  plane,  and  we 
present  the  application  of  this  method  for  search 
of  spin-glass  effects  in  Hg|i  7„Cd,|  |„Mn|,„2Te. 

2.  Samples  and  experimental  methods 

Ingots  of  Hg|  .,Cd,  Mn,Te  were  grown  by 
the  solid-state  recrystalization  method  with  con¬ 
trolled  mercury  pressure,  adjusted  to  give  a  high- 
resistance  p-type  material.  The  actual  values  of  x 
and  v  were  checked  by  means  of  electron  micro- 
probe,  and  found  to  be  by  about  0.5%  smaller 
than  the  nominal  values  .v  =  0.02  and  y  =  O.I9. 
Optical  transmission  measurements  pointed  to  an 
energy  gap  of  about  O.IS  eV  at  4.2  K.  a  value 
consistent  with  the  alloy  composition.  According 
to  our  AC  magnetic  susceptibility  measurements, 
the  spin-glass  freezing  occurs  at  7j  =  100  mK, 
where  inelastic  and  dephasing  processes  should 
be  dominated  by  an  electron  coupling  to  Mn 
spins. 

The  ingots  grown  in  the  above  way  consist 
usually  of  several  differently  oriented  single-crys¬ 
talline  grains  of  typical  diameter  5-10  mm.  The 
samples  studied  in  the  present  work  were  pre¬ 
pared  in  the  form  of  slabs  about  0.5  mm  thick, 
having  the  grain-boundary  plane,  i.c.  the  conduct¬ 
ing  layer,  perpendicular  to  their  surfaces.  Our 
method  of  probing  the  conductance  of  a  microre¬ 
gion  is  based  upon  the  local  character  of  the 
four-probe  method  (8).  Thus,  the  conducting  layer 
was  connected  to  the  measuring  circuit  by  four 
gold  microcontacts,  patterned  by  a  standard  4 
Aim  photolithography  and  lift-off  method,  as 
shown  in  Fig.  I.  Such  contacts  have  linear  cur¬ 
rent-voltage  characteristics,  which  are  tempera- 


Fig.  1.  Photograph  of  HgC'dMnTe  himstal  sample  with  pho- 
lolilhographically  pauerned  contacts.  The  distance  between 
the  probes  is  l.s 


ture-independent  below  10  K.  and  correspond  to 
a  resistiince  of  .301)  to  600  II.  The  four-terminal 
resistance  of  the  studied  samples  is  smaller,  typi¬ 
cally  it  amounts  to  100  il.  By  placing  the  micro¬ 
contacts  in  the  single-crystalline  region,  we 
checked  the  absence  of  surface  conductivity  be¬ 
tween  the  probes. 

Our  magnetotransport  studies  were  carried  out 
in  a  20  mK  dilution  refrigerator  equipped  with  a 
9  T  superconducting  coil.  Magnetoresistance 
measurements  were  performed  by  driving  an  AC 
current  through  either  external  or  internal  probes, 
and  collecting  the  generated  voltage  in  a  phase- 
sensitive  fashion  by  the  two  remaining  probes.  In 
order  to  measure  the  Hall  effect,  the  current  was 
driven  between  one  external  and  one  internal 
probe.  Because  of  the  extreme  sensitivity  of 
me.soscopic  phenomena  to  external  perturbations, 
careful  shielding  and  filtering  were  employed. 
Moreover,  neither  measuring  and  nor  data-aqui- 
sition  equipment  contained  digital  components. 
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3.  Results  and  discussion 

Fig.  2  shows  magnetoresistance  and  Hall  re¬ 
sistance  in  the  regime  of  the  quantum  Hall  effect 
for  a  mesoscopic  sample  prepared  in  the  way 
described  above,  compared  to  results  of  the  same 
measurements  for  a  macroscopic  Hall  bar.  The 
data  are  quite  similar,  except  for  irregular  but 
perfectly  reproducible  resistance  fluctuations  visi¬ 
ble  in  the  case  of  the  microstructure.  The  mean 
square  root  of  the  conductance  fluctuations  in¬ 
creases  from  ().25e~ /h  for  <  I  T  to  l.Se'/h  at 
B  ~  5  T.  At  the  same  time,  the  width  of  the 
distribution  characterizing  fluctuation  periods  in- 
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Fig.  2.  lA)W-tempcralurc  magnetoresislancc  and  Hall  rcsiv 
lancc  for  IlgCdMnTc  bicryslal  with  macro-  and  micriKon- 
lacls. 
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Fig.  .V  Voltage  changes  (normalized  to  the  current  ampliluile' 
as  a  function  of  the  magnetic  field  measured  in  a  four-micro- 
contact  arrangement  al  the  fundamental  and  second  harmonic 
of  the  excitation  current  (lilt)  and  .tlH)  nA.  respectively;  sam¬ 
ple  resistance  H  -  IDd  ii). 


creases  with  the  field.  This  indicates  that  the 
sizes  of  the  regions  enclosed  by  interferring  elec¬ 
tron  wavefunctions  shrink  with  the  magnetic  field. 
A  similar  effect  was  observed  by  Timp  et  al.  (9)  in 
quantum  wires  patterned  from  GaAs-AlGaAs 
hetcrostructures,  and  interpreted  in  terms  of  the 
magnetic-field-induced  decrea.se  of  the  width  of 
the  distribution  of  electron  trajectories  across  the 
sample,  an  effect  specific  to  the  quantum  Hall 
regime.  However,  in  our  case,  we  observed  also 
the  UCF  amplitude  to  increase  with  the  magnetic 
field,  which  remains  unexplained. 

Turning  to  the  low-field  region,  we  .see  in  Fig. 
.3  that  in  addition  to  IJCF.  the  data  reveal  a 
positive  magnetoresistance.  As  already  discussed 
elsewhere  [4],  such  a  wcak-field  magnetoresis- 
lancc  is  caused  by  the  influence  of  the  vector 
potential  on  interference  associated  with  self-in¬ 
tersecting  trajectories.  For  a  small  value  of  the 
disorder  involved  (A:,;/=  l(K),  where  A|.  is  the 
Fermi  wavevector  and  /  the  mean  free  path  for 
elastic  scattering),  the  positive  magnetoresistance 
implies  that  the  dominant  spin-dependent  scat- 


4H4 


G.  Grabecki  et  ai /J(Htmal  of  Crystal  Growth  13H  (1994)  4HI-4H5 


tering  is  caused  by  the  spin-orbit  coupling,  as 
could  be  expected  for  a  narrow-gap  semiconduc¬ 
tor  [4].  On  the  other  hand,  spin-disorder  scatter¬ 
ing  appears  to  be  the  main  phase  breaking  mech¬ 
anism.  It  leads  to  a  saturation  of  the  magnitude 
of  the  magnetoresistance  below  600  mK,  as  well 
as  to  a  saturation  of  the  amplitude  of  the  fluctua¬ 
tions  below  200  mK,  the  temperature  at  which 
the  phase  breaking  length  =  2.5  /rm  becomes 
shorter  than  the  thermal  length  L-f  =  (HD/ 
This  interpretation  is  further  confirmed 
by  the  temperature  decay  of  the  UCF  amplitude, 
which  between  0.2  and  5  K  can  be  described  by 
the  function 

In  the  case  of  the  magnetoresistance,  the  de¬ 
phasing  effect  of  Mn  spins  is  associated  with 
noncommutation  of  spin  rotations  corresponding 
to  electron  motion  in  the  opposite  directions  along 
the  same  self-intersecting  paths  [10].  In  contrast, 
the  apparent  amplitude  of  the  fluctuations  is  di¬ 
minished  by  Mn  spins  if  the  average  time  be¬ 
tween  their  flips  t,  is  shorter  than  the  time 
constant  of  the  resistance  meter  [11].  We  con¬ 
clude  that  for  most  Mn  spins  Tf  <  1  s,  even  in  the 
spin -glass  phase,  as  below  T,  we  found  thermal 
and  temporal  stability  of  the  fluctuation  pattern. 
A  relatively  short  time  scale  of  the  spin  fluctua¬ 
tions  explains  also  a  surprising  fulfilment  of  the 
modified  Onsager  symmetry  relations  = 

where  a  and  b  refer  to  the  pair  of 
current  and  voltage  probes,  respectively,  as  shown 
in  Fig.  .1. 

In  addition  to  the  weak-localization  magne- 
loresistance  and  universal  conductance  fluctua¬ 
tions  discu.ssed  above,  we  found  strongly  nonlin¬ 
ear  current-voltage  characteristics,  detected  via 
the  presence  of  a  signal  at  the  second  harmonic 
of  the  frequency  of  the  driving  current.  As  shown 
in  Fig.  3,  this  signal  exhibits  aperiodic  fluctua¬ 
tions  as  a  function  of  the  magnetic  field,  but  to  a 
large  extend  is  symmetric  around  fl  =  0,  a  prop¬ 
erty  important  when  assessing  the  microscopic 
origin  of  second  harmonic  generation  [12].  Simi¬ 
larly  to  the  case  of  GaAs/AlGaAs  microstruc¬ 
tures  [1.1],  its  magnitude  shows  first  a  square  and 
then  a  linear  dependence  on  the  current,  varied 
in  our  measurements  from  30  n A  to  I  p.  A.  A 
strongly  non-ohmic  behavior  of  mesoscopic  con- 
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Fig.  4.  Temperature  dependence  of  the  fluctuation  amplitude 
at  the  second  harmonic  for  two  measurements  separated  by 
healing  to  .400  K  (solid  symbols).  The  open  symbols  show  data 
at  the  fundamental  frequency. 


doctors  may  also  be  responsible  for  breakdown  of 
the  Onsager  relations  in  some  experiments  [4.14]. 
Furthermore,  in  contrast  to  the  signal  at  the 
fundamental  frequency,  the  signal  at  the  second 
harmonics  changes  strongly  below  200  mK,  as 
depicted  in  Fig.  4.  In  spite  of  some  discrepancies 
between  two  measurements,  perhaps  because  of 
perturbation  effects  of  high  frequency  noise,  it  is 
tempting  to  speculate  that  the  low-temperature 
increase  of  the  signal  is  caused  by  the  spin-glass 
freezing.  In  particular  we  take  our  data  as  an 
experimental  indication  for  the  dependence  of 
the  current-voltage  characteristics  upon  the  in¬ 
elastic  processes.  This  would  open  doors  for 
quantitative  studies  of  such  proce.s.ses,  particu¬ 
larly  in  various  magnetic  phases. 
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Abstract 

Electron  mobility  in  mercury  cadmium  tclluride  and  mercury  zinc  tclluridc  is  computed  by  an  iterative  method. 
Polar  optical  scattering  takes  into  account  the  Frohlich  interaction  with  the  two  vibration  modes.  Acoustic,  alloy  and 
charge  centre  scattering  are  also  introduced.  Calculated  mobility  values  agree  with  known  experimental  results  for 
Hg|  ,Cd,Te.  but  arc  mostly  predictive  for  Hg I  ,Zn,Te. 


1.  Introduction 

The  electron  mobility  g,  has  been  measured 
and  calculated  extensively  in  Hg|_,Cd,Te  (MCT 
.v)  for  X  <  0.25.  due  to  its  importance  for  infrared 
detection,  and  also  in  the  semimetal  domain  (jr  < 
0.17)  [1].  More  recently,  experimental  results  on 
/X  in  Hg,  ,Zn,Te  (MZT  x)  have  appeared  [2], 
but  there  has  been  considerably  less  work  de¬ 
voted  to  these  new  solid  solutions.  Values  of  /x  in 
Hg-rich  MCT  and  MZT  have  been  calculated 
using  iterative  [.3,4]  or  variational  methods  [3,6], 
Calculations  appear  to  be  in  good  agreement  with 
known  experimental  results,  although  a  real  com¬ 
parison  appears  critical,  as  /x  is  very  sensitive  not 
only  to  the  actual  density  of  defects  which  is 
discussed  in  refs.  [4]  and  [6],  but  also  to  the 
composition  homogeneity  and  its  measurement 
precision  [4],  However,  the  comparisons  cited  be- 
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fore  show  clearly  that  calculations  where  the 
non-elastic  behaviour  of  scattering  by  optical 
phonon  is  considered  can  give  actual  values  of 
the  drift  mobility  when  all  the  efficient  scattering 
mechanisms  which  have  to  be  taken  into  account 
arc  well  characterized  and  the  values  of  the  nec¬ 
essary  parameters  precisely  known;  this  situation 
is  in  fact  verified  cxccptionaly. 

MZT  appears  as  a  promising  material  for  pho¬ 
ton  emission  in  the  near  infrared  [7],  but  also 
MCT  in  heterostructures  [8].  The  knowledge  of 
transport  properties  of  carriers  in  these  medium 
gap  semiconductors  is  of  great  importance  for  the 
modellization  of  device  characteristics. 

This  paper  presents  results  on  /u  between  4 
and  .350  K  on  MCT  x  (for  0.8  >  .r  >  0.2  and  in 
MZT  (for  0.6  >  X  >  0.15),  using  an  iterative 
method  to  solve  the  Boltzmann  equation  and 
describing  optical  vibrations  with  a  two-mode 
model.  The  parameters  necessary  to  describe  the 
most  efficient  scattering  mechanisms  are  now 
known  with  enough  precision  in  MCT  to  give 
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reliable  results.  In  MZT  the  band  structure  is  not 
so  well  known,  but  the  evaluation  of  unknown 
constants  is  in  fact  based  on  the  same  assump¬ 
tions  used  for  MCT  and  appears  generally  realis¬ 
tic.  The  results  of  are  compared  to  the  few 
experimental  results  which  are  known  for  MCT. 
The  calculated  values  of  /x  for  MZT  are  purely 
predictive  as  no  n-type  MZT  has  been  obtained 
for  .V  >  0.2;  in  these  mbced  crystals  the  p-typc 
character  of  ZnTe  seems  to  dominate  already  at 
low  Zn  content  [9].  For  low  x,  MCT  and  MZT  of 
the  same  gap  have  mobility  values  which  are  very 
near  [4,6];  this  has  led  to  the  choice  of  composi¬ 
tion  values  in  both  ternaries  so  that  their  gap  was 
nearly  the  same.  The  presentation  of  fi  results  is 
limited  to  the  composition  x  —  0.8  in  MCT  (and 
the  composition  of  same  gap  in  MZT).  Only 
global  results  are  given  for  the  compositions  stud¬ 
ied  and  a  detailed  study  of  the  different  disper¬ 
sion  mechanisms  is  presented  for  MCT  0.5  where 
the  alloy  dispersion  reaches  its  maximum. 


2.  Outline  of  the  calculation  and  scattering  pa¬ 
rameters  evaluation 

The  iterative  method  has  been  clearly  de¬ 
scribed  in  several  books  to  which  the  reader  is 
referred  [10,11].  The  structure  of  the  conduction 
band  in  these  compounds  is  assumed  to  be  spher¬ 
ical  and  is  described  with  the  usual  three-band 
relation: 

E'(E'  +  Ef.,)(E’  +  + 

=  ^^P-{£'  +  £,,+  U).  (I) 


where  k  is  the  electron  wave  vector,  E' =  E  + 
E  being  the  electron  state  energy 
referred  to  the  bottom  of  the  conduction  band, 
is  the  free  electron  mass,  E^^  is  the  energy 
gap,  J  the  spin-orbit  splitting  energy  and  P  the 
Kane  matrix  element. 

In  this  study  £(.,  is  lower  but  comparable  to  J 
which  needs  the  use  of  the  three-band  model. 
The  main  variable  of  the  calculation  is  E.  From 
each  E  ihe  corresponding  k  value  is  deduced 
from  (1)  by  a  numerical  calculation  starting  from 
£  =  0;  this  calculation  gives  the  k(E)  relation 
with  a  precision  better  than  10  ";  E'  is  then 
deduced. 

The  coefficients  of  the  corresponding  wave 
function. 


U>=/«J,S>T  +  ;^|A'  +  /y>i  +  cJZ>T. 


are  simply  given  by  [12]: 

a^  =  kP{E'  +  Ea+  \'2)D-\  h^  =  ^^SE’D''. 
c*  =  £’(£'  +  E;,  +  ^J)D-'.  (2) 

where  D  is  the  normalizing  factor  so  that  aj.  + 

+  =  1.  The  matrix  element  for  the  interaction 

of  an  electron  with  the  different  dispersive  excita¬ 
tions  can  then  be  calculated  using  the  expressions 
given  in  the  text  books  like  in  ref.  [11]. 

The  iterative  calculation  takes  into  account  the 
inelastic  behaviour  of  the  interaction  with  optical 
phonons,  which  is  important  at  high  tempera¬ 
tures.  Moreover,  in  the  mixed  crystal  considered 
two  optical  modes  are  present,  one  of  HgTe  type 
and  the  other  of  CdTe  (or  ZnTe)  type.  An  elec¬ 
tron  interacts  with  the  polarization  field  of  these 


Table  1 

Optical  e,  and  Malic  c,  dielectric  constants,  longitudinal  W|  and  transverse  wj  frequencies  of  each  of  the  optical  modes  in 
tIgC'dTc  and  HgZnTe  for  several  composition  values  from  refs.  Il5]  and  |lb]  for  MCT  and  from  ref.  Il7]  for  MZT 

^TII  M  or  Wy/  or 

(cm  ' )  (cm  ' )  (cm  ' )  (cm  ' ) 


MCT  0..1(X) 

11.6 

16.4 

121 

1.36 

149 

1.57 

MZT  0.1 97 

12.6 

IS.4 

123 

1.39 

171 

182 

MCT  ().4(X) 

11.0 

1.S.6 

123 

1.35 

147 

1.59 

MZT  0.272 

ITS 

17.4 

12.S 

140 

171 

187 

M(T0..S(K) 

10.2 

I4..S 

124 

1.34 

146 

161 

MZT  0..t4S 

II.O 

16.4 

127 

140 

172 

191 
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modes  of  low  wave  vector,  so  that  the  Frohlich 
interaction  can  be  easily  written  [13,14],  The  ana¬ 
lytic  expressions  of  the  matrix  element  for  the 
emission  and  absorption  of  each  of  the  optical 
modes  are  written  and  more  deeply  discussed  in 
ref.  [4],  Their  variation  with  composition,  which  is 
also  given  in  ref.  [4],  shows  that  the  interaction 
with  the  high-frequency  mode  (CdTe  or  ZnTe 
type)  is  enhanced  when  that  for  the  low  fre¬ 
quency  one  is  weakened.  The  longitudinal  and 
transverse  frequency  values  for  each  mode  and 
the  optical  (e^)  and  static  (e„)  dielectric  constants 
have  been  taken  from  refs.  [15]  and  [16]  for  MCT 
and  from  ref.  [17]  for  MZT  ternaries.  Their  val¬ 
ues  are  given  in  Table  1. 

The  other  interactions  which  are  mainly  elastic 
are  added.  The  interaction  with  the  acoustic 
modes  remains  comp.'\ratively  weak;  it  leads  to  a 
decrease  of  fi  which  is  maximum  near  80  K 
where  it  corresponds  to  less  than  4%  of  the  total 
IX.  Parameter  values  necessary  for  /x  calculation 
are  interpolated  between  those  of  the  end  bina¬ 
ries,  whi''h  are  given  in  Table  2.  We  verify  that 
taking  the  value  of  the  deformation  potential 
constant  and  equal  to  4  eV  does  not  alter  the 
results. 

The  alloy  scattering  is  treated  in  the  virtual 
crystal  approximation  (VCA)  which  seems  to  de¬ 
scribe  well  the  mbted  crysta.'  behaviour  of  these 
ternaries,  at  least  for  MCT  [19],  Moreover,  it  has 
the  best  of  the  simplicity,  as  the  necessary  param¬ 
eters  to  describe  this  scattering  are  deduced  from 
the  offsets  of  the  conduction  band  (for  V),  »he 
valence  band  (for  W)  and  the  spin-orbit  splitted 


band  (for  8)  of  the  end  binaries  which  have  been 
experimentally  measured.  The  expression  for  the 
corresponding  relaxation  time  is  the  same  as  (26) 
of  ref.  [20]  which  is  greatly  simplified  taking  8  =  0. 
as  the  spin-orbit  splitting  J  remains  nearly  the 
same  in  the  three  binaries,  as  seen  in  Table  2. 
The  VCA  probably  does  not  apply  so  well  to 
MZT,  as  the  energy  of  the  valence  band  ex¬ 
tremum  does  not  vary  linearly  with  x  [22]  as  it 
does  in  MCT  [23],  The  value  of  the  potential  well 
heigth  used  in  the  alloy  scattering  has  been  dis¬ 
cussed  by  several  authors  in  refs.  [6]  and  [8]  for 
MCT.  Alloy  scattering  can  be  more  generally 
described  by  the  short  range  scattering  with  wells 
of  which  the  depth  and  size  modellize  the  actual 
clustering  in  the  cation  sublattice.  However,  the 
statistics  in  the  clustering  arc  not  known  and 
depend  on  sample  growth.  The  reasonable  as¬ 
sumption  of  a  disordered  lattice  leads  to  the  use 
of  the  VCA  approximation  [19]. 

The  charged  centre  scattering  is  described  in 
the  Brooks- Herring  approximation:  it  overesti¬ 
mates  the  .scattering  probability  only  in  low  con¬ 
centration  samples  and  at  very  low  temperatures 
[21]. 

The  energy  gap  variations  with  .v  and  tempera¬ 
ture  T  are  taken  from  ref.  [24]  for  MCT.  for 
which  the  data  rest  on  recent  experimental  re¬ 
sults.  T)  for  MZT  taken  from  ref.  [25]  is 

less  precise,  but  the  errors  on  the  data  lead  to 
small  deviations  on  the  corresponding  composi¬ 
tion. 

The  values  of  ,v  given  in  the  tables  for  MZT 
are  chosen  so  that  their  remains  very  nearly 


Table  2 

Values  of  other  parameters 


a 

(A) 

d 

(eV) 

P 

(eV  cm) 

(eV) 

P 

(gem  ') 

C,x  10 
(N  m  ’) 

77  X  10'’ 

ICbN  ') 

I'x  11)-^ 
(eVem  ') 

1)  X  lO--' 
teV  cm  ') 

HgTe 

6.46 

I.IIK 

8,87 

4 

8 

6.1 

1.4 

CdTe 

6,48 

(1.42 

8..f8 

4 

7,0 

1.5 

ZnTe 

6.  Ill 

0.91 

8.74 

i.5 

.6.72 

8  4 

0.9 

MCT 

43 

-  2} 

MZT 

14.4 

-  10 

a  is  lattice  parameter,  J  Is  spin-orbit  splitting  energy,  P  is  Kane  matrix  element,  W  is  acoustical  deformation  potential,  p  is 
specific  gravity,  C',  is  average  longitudinal  elastic  constant  and  ir  is  piezoelectric  coupling  constant.  These  parameters  are  linearly 
interpolated  between  the  binary  values.  All  values  taken  from  refs.  l.f|  and  lift),  f'  and  W  are  the  matrix  element  entering  the  alloy 
scattering  expressions. 
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to  that  for  MCT.  J  is  interpolated  linearly  with  x 
between  the  end  binary  values.  This  interpolation 
scheme  is  applied  for  all  parameters  of  which  the 
value  is  only  known  for  the  binaries  and  is  as¬ 
sumed  constant  in  temperature.  The  effective 
mass  nij  at  the  bottom  of  the  conduction  band  is 
deduced  from  (1)  for  vanishing  k',  for  MCT  with 
•v  near  0.2,  its  values  are  very  comparable  to  those 
reported  in  the  litterature  [16]  and  no  second 
order  corrections  describing  the  interaction  with 
remote  bands  have  been  applied.  Before  each  /x 
calculation,  is  computed  iteratively  for  each 
n:  values  of  nij  and  Ef.  referred  to  the  conduc¬ 
tion  band  extremum  arc  given  for  three  tempera¬ 
tures  in  Table  3. 

The  electron  concentration  n  runs  from  rela¬ 
tively  low  values  (2.2  X  10'“^  cm" ')  to  high  values 
(2  X  10''*  cm  "’)  which  are  now  obtained  by  dop¬ 
ing.  For  a  given  n,  .several  values  of  the  charged 
centre  concentration  N,  have  been  used,  as  low 
concentration  samples  are  usually  compensated. 
No  compensation  is  introduced  for  n  =  2  x  10"* 
cm  n  is  fixed  at  low  temperatures  to  the  value 
given  in  the  figures,  but  it  is  increased  with  T 
according  to  the  intrinsic  conduction  band  filling. 

The  electron  kinetic  energy  E  used  as  a  vari¬ 
able  in  the  iterative  calculation  runs  from  0  to 
Ey  +  lOA.'nT',  where  ky,  is  the  Boltzmann  con¬ 
stant.  The  range  of  E  is  extended  to  TiOk^T  if  E, 
is  negative.  The  energy  steps  d£  are  smaller  than 
A  „7'/30  and  are  cho.scn  so  that  the  energy  of  the 
two  optical  modes  //(Om  and  fiw^y  (or  for 

MZT)  remains  very  near  to  an  integral  multiple 
of  d/:  with  relative  differences  less  than  5  X  10"’ 
[4],  The  iterative  calculations  converge  monotoni- 


cally  but  not  very  rapidly,  as  often  7  iterations  arc- 
needed  to  reaeh  a  0.5%  convergence. 


3.  Mobility  in  Hgo  jCd^  ^Te 

The  results  for  this  ternary  are  presented  as  an 
example  for  the  study  of  the  contribution  of  the 
different  scattering  mechanisms;  moreovei.  for 
this  composition  the  alloy  scattering  is  maximum. 

Fig.  1  gives  for  three  electron  concentrations 
the  mobility  variations  with  T  corresponding  to 
the  most  efficient  scattering  mechanisms,  except 
for  the  charged  centre  contribution.  The  polar 
optical  scattering  is  complex  due  to  the  non- 
parabolicity  of  the  band,  the  degeneracy  of  the 
distribution  which  varies  with  n  and  T.  and  the 
interaction  with  the  two  optical  modes.  As  a 
consequence,  fip,,  is  higher  for  low  n  at  low 
temperatures  {T  <  UK)  K),  and  does  not  vary 
monotonically  with  n  at  intermediate  tempera¬ 
tures.  However,  it  tends  to  values  independent  of 
n  at  high  temperatures  when  the  phonon  bath 
goes  towards  the  equirepartition  behaviour. 

The  alloy  scattering  importance  is  pointed  out 
as  it  strongly  limits  the  total  mobility  in  a  wide 
temperature  range.  This  .scattering  increases  with 
n  and  becomes  independent  of  T  as  the  Fermi 
energy  becomes  high  (cf.  Table  3).  The  77  K 
value  of  /i,,|  at  low  n  agrees  with  that  given  by 
Berding  et  al.  [26],  who  found  also  a  stronger 
alloy  scattering  in  MZT  than  in  MCT.  The  acous¬ 
tical  scattering  remains  eomparatively  very  weak 
and  can  be  ignored  in  a  first  approximation,  as 
.seen  in  Fig.  1.  The  mobility  n,  computed  with 
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Kii;.  I.  Ciilculiik'd  mobiliiy  a  versus  icmpcraluro  in  MCT  (1.5 
liniilcd  by  pcilar  nplicul  miidcs  I’V  acoustic  phonons 

I  and  b\  alloy  scattering  (m,,i  lor  ( - )  n  -  |(i'' 

cm  '.  ( - I  n  =  (I x  lid'’ cm  '  and  ( - )«“2x|(»''' 

cm 


the  iterative  method,  taking  into  aeeount  the  three 
interaetions  already  cited,  is  plotted  in  Fig.  2  for 
MCT  0.5  and  in  Fig.  3  for  MZT  ().,54H  with  the 
same  n  values.  The  lower  mobility  in  MZT  is  due 
to  a  stronger  alloy  scattering,  although  its  corre- 
sprmding  .v  is  lower  than  0.5.  but  the  alloy  scat¬ 
tering  potential  in  MZT  is  1.5  times  that  in  MCT 
(cf.  l  able  2). 

The  impurity  scattering  weakens  considerably 
the  mobility,  as  seen  in  Fig.  2  and  Fig.  .5.  where 
jL,  variations  are  plotted  for  several  ti  and  At',. 
/U|('/')  decreases  monotonically  with  /'  for  A,  =  n. 
As  A,  is  increased  above  n.  ii,(T)  becomes  lower, 
and  shows  a  maximum  which  shifts  towards  high 
temperatures  with  A,.  At  high  n.  /•.,  becomes 
greater  that  A  and  /r,  undergoes  a  weak  varia¬ 
tion  with  T.  Some  experimental  results  on  bulk 
and  epitaxial  samples  of  MCT  0.5  ;ire  also  given 
in  Fig.  2.  The  experimental  results  for  «  =  2  x 
lO”'  cm  '  agree  with  the  calculated  ones.  In  the 
ease  of  the  sample  with  n  =  10'”  cm  '.  A,  is  not 


(■'ig.  2.  Calculated  mobility  versus  temperature  in  MCT  (1.5  :m 
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known,  but  the  impurity  concentration  is  higher 
than  5  x  10"’  cm“ 


4.  Mobility  for  medium  composition  MCT  and 
MZT 

The  shapes  of  the  curves  for  other  com¬ 

positions  in  MCT  and  MZT  are  the  same  as 
those  given  in  Fig.  2  and  Fig.  3,  and  the  same  as 
found  for  low  x  solid  solutions  [4,6).  The  impor¬ 
tant  and  partly  controllable  parameter  is  the 
charged  centre  concentration  N,  which  must  be 
as  near  as  possible  to  To  sum  up  the  results  on 
/I,  variations  with  x.  its  computed  values  are 
plotted  for  the  two  remarquable  temperatures  of 
77  and  3(M)  K  in  Fig.  4  for  MCT  and  Fig.  5  for 
MZT.  The  curves  drawn  correspond  only  to  the 
case  n  =  A/,  and  fix  an  upper  limit  of  fi,  which 
can  be  reached  for  an  uncompensated  material. 
The  choice  of  it  =  2.2  x  10''  cm"  '  gives  practi¬ 
cally  the  maximum  values  of  /a,  corresponding  to 
a  non-degenerate  electron  gas.  The  rapid  dc- 
crca.se  of  at  low  .v  reflects  mainly  that  of  the 
effective  mass  which  follows  the  increase  in  E^.. 
This  decrease  is  less  pronounced  when  n  is  in- 


4.  Calciilaicd  mohility  viiri;itums  with  composition  x  in 
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Fig.  5.  Calculated  total  mobility  variations  with  composition  in 
MZT  with  the  same  symbols  as  in  Fig.  4. 


creased;  for  high  n  the  conduction  comes  from 
electrons  near  which  is  the  highest  for 
low  effective  mas.ses  corresponding  to  low  x  (cf. 
Table  3). 

Experimental  results  are  also  shown  in  Fig.  4 
for  MCT.  They  have  been  obtained  mainly  on 
bulk  crystals  [16.27]  for  which  the  mobilities  are 
among  the  highest  known.  But  although  these 
results  agree  with  the  predictions,  the  problem 
of  characterizing  preci.sely  a  sample  remains  a 
real  task,  as  it  is  necessary  to  know  on  the  one 
hand,  and  to  evaluate  precisely  the  scattering 
factor  with  all  scattering  mechanisms  taken  to¬ 
gether  on  the  other  hand. 


5.  Summary 

Electron  mobility  has  been  computed  for 
medium  composition  Hg,  ,Cd,Te  and  Fig,  , 
Zn,Te.  In  MCT  0.5,  alloy  scattering  which  has 
been  described  in  the  virtual  crystal  approxima¬ 
tion  is  large  and  increases  strongly  with  the  elec¬ 
tronic  concentration.  Charged  centre  scattering  is 
the  most  limiting  scattering  mechanism  at  low 
temperatures,  even  at  low  concentrations  when 
optical  phonons  greatly  control  the  mobility  at 
high  temperatures.  The  mobility  computed  for 
the  case  of  uncompensated  materials  fixes  the 
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upper  limit  which  can  be  reached  and  which 
agrees  with  known  experimental  results. 
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Abstract 

The  temperature  behavior  of  the  conductivity  and  magnetoresistance  of  CdTe  crystals  doped  by  shallow  donors 
(Cl)  has  been  studied  at  temperatures  of  0.4-l(H)  K.  The  crossover  from  variable  range  hopping  (VRH)  over  the 
states  within  Coulomb  gap  to  VRH  of  the  Mott  type  has  been  observed  at  some  temperatures  depending  on  the 
samples  parameters  (donor  concentration  and  compensation  degree).  In  addition,  at  low  magnetic  field  a  negative 
magnetoresistance  due  to  interference  phenomena  in  VRH  has  been  observed,  while  at  higher  magnetic  fields  the 
system  has  exhibited  positive  magnetoresistance  due  to  deformation  of  the  centres'  wave  functions.  A  divergence  of 
localization  length  and  dielectric  constant  in  the  vicinity  of  metal-insulator  transition  is  demonstrated. 


Although  Mott  and  Davis  (MD)  [11  and 
Shkiovskii  and  Efros  (SE)  [2]  predictions  for  vari¬ 
able  range  hopping  conductivity  (VRH)  have  ap¬ 
peared  in  the  literature  more  than  15  years  ago. 
some  questions  concerning  electron  transport  in 
Anderson  insulator  in  the  vicinity  of  the  metal- 
insulator  transition  (MIT)  remain  unanswered. 
Among  them,  one  can  point  at  the  behavior  of 
VRH  conductivity  at  temperatures  corresponding 
to  crossover  between  MD  and  SE  limits  and  at 
the  effects  of  magnetic  field  and  compensation 
degree. 

In  a  previous  paper  [.1]  wc  have  studied  low- 
temperature  VRH  conductivity  of  highly  doped 
compensated  CdTe: Cl  crystals  in  the  tempera¬ 
ture  interval  1.7-100  K.  In  the  course  of  temper¬ 
ature  decrease,  we  have  observed  the  crossover 
from  MD  to  SE  behavior.  .Stxm  afterwords,  such 
a  crossover  has  been  reported  ft>r  CdSe ;  In  crys¬ 
tals  in  ref.  [4],  Although  the  very  observation  of 


the  crossover  seems  to  be  of  interest  and  evi¬ 
dences  the  theoretical  prediction,  the  observation 
of  both  sorts  of  behavior  for  the  same  sample 
allows  one  to  estimate  important  parameters  like 
localization  length  and  Fermi  level  density  of 
states.  Therefore  more  detailed  investigation  of 
the  effects  in  question  appears  to  be  of  impor¬ 
tance. 

To  study  VRH  conductivity  including  the  ef¬ 
fects  of  magnetic  field  and  compensation  degree 
more  profoundly,  we  have  made  measurements  of 
the  conductivity  and  magnetoresistance  in  a  wide 
temperature  interval  of  ().4-.l(K)  K.  thus  covering 
a  temperature  variation  of  nearly  three  orders  of 
magnitude. 

The  CdTe  samples  have  been  doped  by  shal¬ 
low  donor  impurity  in  the  melt.  We  have  chosen  .t 
types  of  samples  with  an  electron  concentration  n 
at  ."(OO  K  close  to  10'^  cm  ‘  differing  by  the 
compensation  degree;  the  latter  appear  to  pro- 
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Fig.  I.  Resistance  versus  temperature  plotted  on  a  double  logarithmic  scale  for  three  insulating  compensated  n-tvpe  CdTe  samples. 


vide  essentially  different  behavior  of  the  low-tem¬ 
perature  transport.  Unfortunately  we  were  not 
able  to  determine  the  net  donor  concentration 
directly.  Thus  we  have  evaluated  the  compensa¬ 
tion  degree  and  donor  concentration  /Vp-^d.S- 
2)  X  10'^  cm"’  with  the  help  of  Hall  coefficient 
and  mobility  measurements  at  temperatures 
higher  than  20  K. 

For  uncompensated  CdTe,  the  critical  value  of 
n  corresponding  to  the  Mott  transition  (nj/,  'a  ~~ 
0.25)  is  n^^i=  1.5  X  10*’  cm"’.  For  some  degree 


of  compensation,  Anderson  localization  may  lead 
to  formation  of  localized  states,  the  value 
increasing  with  an  increase  of  K  in  [2]: 

(1) 

Thus  the  samples  with  larger  K  are  farther  from 
the  transition  to  metallic  conduction. 

As  one  can  see  from  Fig.  1.  the  strongest 
changes  of  resistance  with  temperature  R{T){3-4 
orders  of  magnitude)  are  observed  for  heavily 
compensated  samples,  while  for  weakly  compen- 
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sated  samples  R(T)  changes  only  by  half  of  the 
order  of  magnitude.  For  all  samples  one  can 
observe  a  transition  from  relatively  weak  depen¬ 
dence  R(T)  to  a  stronger  dependence  with  de¬ 
crease  of  temperature.  It  appears  that  one  cannot 
describe  the  whole  temperature  behavior  in  ques¬ 
tion  with  the  help  of  either  MD  or  SE  law; 

/?(-n -«„cxp(7„/7)'  \  7-.,= 

N(  tf)a 

(2) 

,  ,  2.8  c- 

/7( /■)-/?:,  exp(  7- /T-)'  F,  = - .  (3) 

KU 

where  a  is  the  localization  length,  k  is  the  dielec¬ 
tric  constant  and  ME,  )  is  the  Fermi  level  den¬ 
sity  of  states  (DOS).  In  particular,  in  Fig.  2  we 
show  that  at  low  temperatures  log  R  depends 
linearly  on  T  '  ’.  which  extrresponds  to  Eq.  (3), 


while  at  higher  temperatures  deviations  to  lower 
resistances  are  pronounced.  At  the  same  time,  at 
higher  temperatures,  one  can  fit  the  experimental 
curve  by  a  linear  dependence  of  K)g  K  on  T  ' 
(Eq,  (2))-.  however,  at  the  temperature  decrease 
deviations  to  higher  resistances  are  observed  (Fig. 
3).  It  is  this  sort  of  behavior  that  is  expected  for 
the  crossover  from  MD  to  SE  conductivities.  For 
example,  at  temperatures  lower  than  the  crossover 
temperature  (SE  region),  log  W  is  a  linear 

function  of  7  '  ’.  while  at  T  >  the  trend 
toward  log  R  a  T  '  ^  has  to  he  observed;  in 
terms  of  coordinates  .v  =  T  '  it  has  to  be  man¬ 
ifested  as  a  transition  from  a  linear  behavior  of 
log  R  to  a  square  root  behavior  which  at  small  v 
(high  temperature  limit)  corresponds  to  devia¬ 
tions  to  lower  resistance  values.  Actually,  the 
exact  form  of  the  curve  in  the  crossover  region 
should  essentially  depend  as  well  on  the  relation 
between  the  pre-exponentials  in  Eqs.  (2)  and  (3). 
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which  are  not  expected  to  be  equal  because  of  a 
principal  difference  in  DOS  for  the  models  in 
question.  Note  that  this  detail  has  not  been  taken 
into  account  by  Aharony  et  al.  [5]  who  have 
studied  the  crossover  region.  According  to  our 
experimental  results,  the  pre-exponential  is 
always  larger  than  which  is  in  agreement  with 
theoretical  calculations  for  different  DOS  [6].  It 
is  in  this  case  that  the  transition  to  MD  type  of 
VRH  in  scale  /■  '  -  has  to  be  manifested  as  a 
deviation  toward  smaller  resistance  values,  which 
is  indeed  observed. 

Corresponding  fitting  procedures  have  led  to 
estimates  of  T^^  and  T^  which  arc  given  in  Table 
1.  The  data  obtained  could  give  a  possibility  to 
estimate  the  important  material  parameters  «,  a 
and  M£f.  )  in  two  limiting  cases:  (1)  For  samples 
far  away  from  MIT  where  k  =  10  and  a  =  50  A 
and  both  are  constant;  in  this  case  T,  ~  10'  K.  (2) 
For  samples  close  to  MIT  where  k  and  a  diverge 
due  to  weakening  of  the  carriers  localization:  in 
this  case  as  was  shown  by  Castner  [7],  the  ratio  of 
T„  and  T,  should  be  constant;  T„/T,=H0.  As 
one  can  see  from  Table  1,  our  samples  rather 
correspond  to  the  intermediate  region,  and  thus 
it  is  necessary  to  have  some  additional  experi¬ 
mental  data  to  estimate  one  of  the  above  men¬ 
tioned  parameters. 

We  have  measured  the  magnetoresistance 
(MR)  for  our  samples  in  magnetic  fields  of  0-6  T 
at  different  temperatures.  One  can  see  from  Fig. 
4  that  the  MR  curves  (AR/K  versus  H )  are  very 
different  for  different  samples:  in  some  samples 
negative  MR  (NMR)  is  observed  together  with 
positive  one  (PMR),  and  in  sample  1  only  NMR 
is  observed.  The  values  of  the  magnetic  field  H 
corresponding  to  minima  of  the  MR  curves  are 
different  for  different  samples  and  temperatures, 
which  is  apparently  due  to  a  difference  in  the 
kKalization  lengths  and  hopping  length  (r).  If 
there  were  some  general  theory  of  MR  in  a 
variable  range  hopping,  it  would  be  possible  to 
extract  all  the  parameters  of  interest  from  the 
MR  curves.  However,  until  now  a  conventional 
theory  has  existed  only  for  PMR.  while  there 
exist  several  models  to  explain  NMR  [8.9].  Let  us 
consider  the  NMR  region  in  Fig.  5  in  detail.  One 
clearly  sees  the  transition  from  quadratic  RiH) 


behavior  to  linear  behavior  for  higher  values  of 
//.  A  value  H  =  corresponding  to  this  transi¬ 
tion  decreases  with  a  decrease  in  temperature, 
and  at  low  temperatures  only  linear  MR  is  ob¬ 
served.  A  similar  feature  has  been  observed  in 
CdSe  [10].  Such  behavior  has  been  predicted  by 
theory  [9,11]  ascribing  NMR  to  interference  ef¬ 
fects  in  VRH.  A  crossover  from  quadratic  to 
linear  behavior  is  expected  for  a  magnetic  field: 

^1  =  -r^r-Y-^expi-r/a)  (4) 

Here  0,,  is  a  magnetic  flux  quantum.  Localiza¬ 
tion  lengths  estimated  with  the  help  of  Eq.  (4)  are 
given  in  Table  1.  On  the  other  hand,  one  can 
estimate  the  localization  length  with  the  help  of 
Eq.  (2)  taking  7,,  from  experimental  curves 
RiT  '  *)  and  M /Vu/c,.  where  e,  is  the 
activation  energy  for  the  high  temperature  re¬ 
gion.  The  values  of  a  obtained  are  given  in  Table 
1:  one  clearly  sees  an  agreement  with  the  esti¬ 
mates  based  on  NMR  measurements. 

Thus  the  data  evidence  a  divergence  of  the 
parameters  a  and  k  in  the  course  of  a  decrease 
of  compensation  degree,  which  is  related  to  an 
approach  of  MIT.  In  addition,  an  appnvach  of 
MIT  changes  the  character  of  the  NMR  behavior: 
far  from  MIT  one  has  small  NMR  which  is 
changed  to  a  PMR.  which  corresponds  to  the 
fixed  sign  phase,  while  in  the  vicinity  of  MIT  in 
sample  1  only  NMR  is  observed  for  // =  0-6  T. 
which  corresponds  to  the  random  sign  phase  [9], 
In  other  words,  a  decrease  of  compensation  de¬ 
gree  leads  to  the  sign  phase  transition  predicted 
in  ref.  [9]. 

The  temperature  behavior  of  PMR  and  of  the 
minima  points  was  more  complicated.  This  will  be 
the  subject  of  another  publication. 

Thus  we  have  shown  that  in  highly  doped 
compensated  CdTe  crystals  the  possibility  exists 
to  observe  the  crossover  from  MD  to  SE  VRH 
and  interference  effects  in  VRH.  and  to  estimate 
.s»)me  parameters  characterizing  the  vicinity  of 
our  samples  to  metal-dielectric  transition. 

I  am  grateful  to  A.L.  Balakai  and  D.V. 
Shamshur  for  the  help  in  low  temperature  mea- 
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surements  and  to  V  i.  Kozub  for  valuable  discus- 
■sions. 
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Abstract 

The  ternary  mixed  crystal  system  ZnSc,TC|_  ,  has  recently  attracted  renewed  interest  as  basic  material  for  the 
blue /green  laser  diode.  We  use  norm-conserving  pseudopotcntials  in  connection  with  the  local  density  and  virtual 
crystal  approximation  for  "ab-initio"  calculations  of  the  stable  crystal  structure  and  the  lattice  constant  in 
dependence  on  the  composition  .r  of  the  system.  Our  results  arc  in  quantitative  agreement  with  structural  properties 
but  we  find  a  bowing  in  the  bandgap  much  smaller  than  in  the  experimental  data.  To  check  the  quality  of  our  results, 
we  use  pseudopotentials  which  either  consider  the  d-eicctrons  of  Zn  in  the  core  or  treat  them  explicitly  as  valence 
electrons. 


1.  Introduction 

In  material  science,  ternary  mixed  crystal  sys¬ 
tems  are  frequently  used  for  band  structure  engi¬ 
neering.  Two  prominent  examples  are  II-VI 
semiconductors  like  Zn,Cd|  ,Te  [1,2]  with  en¬ 
ergy  gaps  in  the  optical  range  and  IV-VI  materi¬ 
als  like  PbjSn,  ,Te  [3,4]  with  energy  gap  in  the 
far-infrared  spectral  range.  The  major  motivation 
behind  current  research  in  wide  band  gap  II-VI 
semiconductors,  in  particular  in  the  ternary  sys¬ 
tem  ZnSe,Te|_,.  is  to  develop  optoelectronic 
devices  such  as  light  emitting  diodes  (LEDs)  or 
semiconductor  lasers  [5],  within  the  blue/green 
region  of  the  spectrum. 


*  Corresponding  author. 


In  this  paper  we  report  on  total  energy  calcula¬ 
tions  in  order  to  find  the  stable  crystal  structure, 
to  determine  structural  and  electronic  properties 
of  ZnSe  ,Te|  _  ,  . 

The  total  energy  as  a  ground  state  property  of 
the  many-particle  system  can  be  calculated  by 
applying  the  concepts  of  density  functional  theory 
(DFT).  which  usually  is  evaluated  in  the  local 
density  approximation  (LDA)  [6,7],  For  crys¬ 
talline  solids,  pseudopotentials  and  plane-wave 
expansions  of  the  wave  functions  have  been  used 
successfully  to  describe  the  fundamental  proper¬ 
ties  of  semiconductors  of  the  zincblende  or  of  the 
rocksalt  family  [8],  For  reasons  of  convergence, 
special  care  must  be  taken  in  choosing  pseudopo¬ 
tentials  for  atoms  with  d-electrons  close  to  the 
valence  s-  and  p-electrons  [8],  We  use  smooth 
norm-conserving  pseudopotentials  [8,9]  generated 
in  a  scheme  proposed  recently  by  Troullier  and 
Martins  [10],  The  influence  of  the  Zn  3d  elec- 
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trons  is  taken  into  account  by  considering  differ¬ 
ent  pseudopotentials,  which  either  incorporate 
the  d-electrons  in  the  core  or  take  them  into 
account  explicitly  as  valence  electrons.  The  mixed 
crystal  aspects  arc  considered  within  the  virtual 
crystal  approximation  (VCA)  by  mixing  the  cation 
pseudopotentials  according  to  the  composition 
parameter  .v. 

A  brief  outline  of  the  method  (DFT  and  LDA) 
for  calculating  the  total  energy  of  the  crystal 
ground  state  is  given  in  refs.  [11,12].  In  ref.  [11] 
more  computational  details  are  given,  e.g.  the  use 
of  special  points  in  performing  sums  in  k  space 
[13,14],  We  used  the  Ceperley-Alder  exchange- 
correlation  potential  as  parametrized  by  Perdew 
and  Zunger  [15]  and  19  special  points  in  the 
irreducible  wedge  of  the  Brillouin  zone. 

In  section  2  we  discuss  structural  properties 
and  compare  our  results  with  experimental  data. 
In  section  3  we  show  the  ele'-rc  ic  structure  of 
the  system  ZnSe,Te|  One  ot  the  central  points 
of  this  discussion  is  the  bo'  mg  of  the  bandgap. 


2.  Structural  properties 


The  system  ZnSC  jTe,  _  ,  has  the  zincblcnde 
structure  as  stable  structure  under  normal  condi¬ 
tions  in  the  whole  mixing  range.  The  ground  state 
of  a  .solid  is  the  equilibrium  state  for  given  ther¬ 
modynamic  conditions.  We  assume  T  =  0  K  and 
an  infinite  system  without  strain.  In  this  case  the 
equilibrium  state  is  determined  by  minimizing  the 
total  energy  ^  with  respect  to  crystal  structure 
and  lattice  constant  a  or  crystal  volume  V: 


i  I'r-r'l  ^  +txcl"..]+t|;w. 


(I) 


where  f'lxi  I^e  external  potential,  the 
exchange-correlation  potential,  and  the 

Ewald  energy. 

Convergence  of  the  total  energy  with  respect 
to  the  plane  wave  expansion  depends  on  the 


smoothness  of  the  pseudopotential.  While  for  the 
soft  pseudopotential  with  the  Zn  d  electrons  in 
the  core  convergence  [16]  is  achieved  for  a  cutoff 
energy  of  24  Ryd,  it  has  to  be  50  Ryd  for  the 
pseudopotential  with  explicit  consideration  of  the 
d-electrons. 

For  the  purpo.se  of  minimizing  i^iV)  the  val¬ 
ues  of  the  total  energy  calculated  at  a  fixed 
energy  cutoff  for  different  lattice  constants  have 
been  fitted  to  Vinet’s  equation  of  state  [17],  This 
function  is  a  good  empirical  approximation  of  the 
dependence  of  the  energy  on  volume  and  pres¬ 
sure. 


^f(I/)=  exp 


X 


1  (fyK,)'-'  1 

- h - (-  — IT 

y  y  y 


(2) 


with  y  =  1),  and  where  S,',  is  the  deriva¬ 

tive  of  the  bulk  modulus  with  respect  to  the 
pressure. 

Zineblende  material  under  hydrostatic  pres¬ 
sure  normally  undergoes  a  structural  phase  tran¬ 
sition  to  rocksalt  structure  [18].  It  is  a  well-known 
thermodynamic  theorem  that  the  phase  transfor¬ 
mation  occurs,  when  the  Gibbs  free  energy  G  = 
£■„„  +  pV  -  TS  becomes  equal  between  two 
phases.  By  applying  this  theorem  to  the  zero 
temperature  case  considered  here,  the  pressure 
induced  phase  tran.sformation  occurs  along  the 
common  tangent  line  between  the  F)  curves 
of  the  two  phases  under  consideration  with  the 
negative  slope  of  the  common  tangent  line  being 
the  transition  pressure  p,  [19]. 

The  structural  properties  (a,,,  B„,  B,',)  derived 
with  Vinet’s  equation  of  state  obtained  from  a  set 
of  calculated  data  points  are  compared  in  Table  1 
with  the  experimental  values.  For  these  calcula¬ 
tions  we  use  pseudopotentials,  which  either  con¬ 
sider  the  d-electrons  in  the  core  or  take  the 
d-electrons  explicitly  into  account  as  valence  elec¬ 
trons  l+d).  In  addition,  we  perform  calculations 
in  which  the  pscudopotential  is  corrected  in  the 
core  in  order  to  account  for  effects  of  d-electrons 
(nonlinear  core  correction  or  nice)  [20].  For  the 
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Table  I 


Total  Energy 


Equilibrium  parameters  of  experiments  and  calculations  (  -  c/. 
nice  and  +  d) 


(a.u.) 

B 

(kbar) 

E,.p(eV) 

ZnTe(-</) 

I().(>7 

770 

,3.00 

tr  -122  6 

ZnTe  (nice) 

11.34 

.371 

2.45 

a: 

ZnTe  (  +  i/) 

11. .38 

.301 

78 

0.78 

o> 

ZnTe  1.^0] 

1 1  ..S3 

.309 

8' 

2..39 

9  122  65 
tij 

ZnSe(-<() 

9.7h 

1102 

3..3() 

ZnSe  (nice) 

10.48 

7,33 

2.23 

■122  7 

ZnSe(  +  </) 

10.93 

h0,3 

98 

0.58 

ZnSe  [.to] 

10.72 

82.3 

1.3.3 

2.82 

-122  75 

En'naiD'v 


250  350  450 


-122  7 

30  50  -0  90 


lattice  constant  we  find  good  quantitative  agree¬ 
ment  with  the  experimental  data  for  calculations 
which  consider  the  d-electrons  either  explicitly 
{+(/)  or  as  core  correction  (nice),  while  the  ( -d) 
results  are  significantly  smaller.  The  bulk  modu¬ 
lus  and  the  critical  pressure  for  phase  transitions 
are  higher  derivatives  of  the  total  energy  and, 
therefore,  more  sensitive  to  the  numerical  accu¬ 
racy.  Neverthele.ss.  the  calculated  results  of  the 
(+(/)  version  are  in  good  agreement  with  the 
experimental  data,  while  the  (nice)  and  (-d) 
versions  deviate  significantly.  These  results 
demonstrate  that  explicit  consideration  of  d-elec- 
trons  is  essential  for  the  calculation  of  the  struc¬ 
tural  properties. 


Volume  in  au”3  oressure  jh  Rba’ 

Fig.  I.  (a)  Total  energy  versus  volume:  (b)  enthalpy  versus  the 
pressure. 


pseudopotential  calculations,  which  take  d-elec¬ 
trons  into  account,  reproduce  the  APW  results. 
We  find  also  good  agreement  with  the  experi¬ 
mental  data  except  for  the  position  of  the  d-elec¬ 
trons.  which  differ  by  about  2..*!  cV.  The  values 
for  the  calculated  hand  gaps  (Table  I)  .show  a 
decrease  of  by  about  2  eV.  when  the  d-elec- 
trons  are  taken  explicitly  into  account.  These 
results  are  consistent  with  those  found  earlier  [24] 


3.  Electronic  properties 

In  Figs.  2  and  ,1  we  show  the  energy  bands  and 
the  density  of  states  of  ZnTe  and  ZnSe  obtained 
from  a  (-t-d)  version  of  pseudopotentials.  The 
density  of  states  has  been  calculated  using  the 
quadratic  tetrahedron  method  [21,22].  In  order  to 
check  the  quality  of  the  band  structure  we  com¬ 
pare  selected  valence  band  energies  with  results 
calculated  with  the  linearized  APW  method 
[2.^. 24]  and  with  experimental  data  (see  Table  2 
for  ZnTe  and  Table  3  for  ZnSe).  In  contrast  to 
the  pscudopotential  method  (  +(/.  nice)  the  APW 
method  is  an  all-electron  calculation.  Given  the 
different  exchange-correlation  potentials  used  in 
these  calculations  -  which  can  change  the  single 
particle  energies  by  about  O.I  eV  [23]  -  our 


Fig.  2.  Electronic  bundstructurc  ol  ZnTe  with  the  density  of 
states  (  +  t/ ). 
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Density  ot  state 

Fig.  ,5.  Electronic  band.structurc  of  ZnSe  with  the  density  of 
state.s  (  +  </), 


and  can  be  ascribed  to  p-d  repulsion,  which  shifts 
the  p-valence  band  upwards. 

For  the  mixed  crystal  system  ZnSe,TC|.,  wc 
compare  calculated  values  for  the  lattice  constant 
(version  +d  or  nice)  with  experimental  data 
[23,24]  (Fig.  4).  As  for  ZnSe  and  ZnTe  (Table  I) 
we  find  almost  perfect  agreement.  The  depende¬ 
nce  of  a„  on  the  composition  parameter  x  is 
almost  linear,  as  expected  from  Vegard’s  rule 
[2.s].  The  small  bowing  is  in  accordance  with  a 
phenomenological  model  [26]  and  occurs  in  spite 
of  using  the  virtual  crystal  approximation. 


Tiible  2 

!'xpcrlmeni<il  and  theorclical  results  of  bandstructure  t>l  ZnTe 
(energies  in  eV) 


Fixp.  1.40] 

I.APW  [24] 

(  +  i/) 

(nice) 

In 

-  1.4.0 

-  11.01 

-  1 1.00 

II. II 

In, 

-  <).H 

-  7.27 

-7.24 

Ir.: 

-4.S 

-  7.05 

-7,01 

I.|V 

--  12.0 

-  1 1 .04 

-  11.14 

-  0.74 

l-v 

l.l 

0.02 

-  1 .00 

-  0.00 

X,v 

-  10.74 

-  I0.S4 

-  0.20 

Xiv 

-  5..^ 

-5.14 

-5.10 

-5.23 

l-iv 

-5.5 

-.5.27 

-  5.46 

-5.41 

Xvv 

-  2.4 

-2.21 

-  2.44 

-  2  22 

Table  3 


Experimental  and  theoretical  results  of  bandstructure  of  ZnSe 
(energies  in  eV) 


Exp.  140.24) 

FLAPW  124] 

(  +  </) 

(nice) 

'iv 

-  15.2 

-  1.4..47 

-  14.10 

-  12.99 

^  |Sd 

-S.O 

-6.77 

-6.SI 

-8.6 

-6,41 

-  6.53 

L,v 

-  14.1 

-12.57 

-  12.40 

-  11.75 

L,v 

-  1.4 

-0.01 

-o.y2 

-0.85 

X,v 

-  12.5 

-  12..0) 

-  12.25 

-  11.41 

X,v 

-  5.3 

-4.80 

-4.81 

-  5.()S 

Xsv 

-2.1 

-2.24 

-  2.23 

-2.10 

In  view  of  applications  in  optoelectronic  de¬ 
vices  the  energy  gap  of  ZnSc,Te|_,  has  recently 
found  much  interest.  Using  photolumine.scence. 
Rajakarunanayake  et  al.  [27]  and  Ebina  et  al.  [29] 
have  determined  the  dependence  of  valence  and 
conduction  band  edge  on  the  composition  param¬ 
eter  X.  Besides  a  linear  dependence  of  the  va¬ 
lence  band  edge  they  find  for  the  gap  energy  at 
K  the  relation: 

£^(a-)  =  2.82.v  +  2.39(1  -  .V) 

-  1.23.v(l -.r)  ineV.  (3) 

Except  for  the  value  of  the  bowing  parameter 
y  (prefactor  in  front  of  .v(l  -.v)  in  Eq.  (3)).  these 
results  agree  with  those  of  ref.  [28]  (see  Table  4). 
Our  calculations  give  a  linear  dependence  of  the 
valence  band  edge  on  .v  and  a  bowing  of  the 
conduction  band.  A  quantitative  agreement  be- 
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Fig.  4,  Lallicc  conslanls  of  crystals  versus  mixing  intlex  v. 
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T  able  4 

Bowing  of  the  bandgap:  the  bowing  parameter  y  is  the 


prefactor  in 

front  of  .v(l  -  V 

)  in  Eq.  (3) 

/;j,,p(ZnTe) 

(ZnSe) 

r 

(eV) 

(eV) 

bowing 

Exp.  [27.291 

2.39 

2.82 

-  1.2.4 

Exp.  12.S] 

2.4,“; 

2.82 

-  1..X7 

(nice) 

2.44 

2.23 

-  0.5 

( +  (/) 

(1.78 

((..ss 

().2 

tween  caleulated  and  experimental  values  of  the 
bowing  parameter  is  not  achieved. 

In  conclusion,  we  have  performed  ab-initio 
calculations  for  the  structural  and  some  elec¬ 
tronic  properties  of  ZnSe,Te,_ ,  using  pseudopo¬ 
tentials.  which  take  into  account  the  Zn  .Id  elec¬ 
trons  with  different  accuracy  ( -  cl,  nice  and  +d). 
The  structural  properties  (lattice  constant.  Veg- 
ard's  rule,  bulk  modulus,  critical  pressure  for 
structural  transition)  arc  in  quantitative  agree¬ 
ment  with  experimental  data,  if  the  Zn  .^d  elec¬ 
trons  are  taken  explicitly  into  account  i+d  ver¬ 
sion).  However,  the  energy'  gap  and  the  bowing 
parameter  of  the  hand  gap  cannot  be  reproduced 
by  this  calculation.  While  the  LDA  is  known  to 
give  too  small  values  for  the  calculated  gap  ener¬ 
gies.  the  VCA  is  likely  to  be  responsible  for  the 
wrong  value  of  the  bowing  parameter. 
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Photoionization  of  a  deep  centre  in  zinc  selenide 
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Abstract 

Thermal  emission  Irom  a  deep  lesel  lo  the  eonduetion  hand  in  zinc  selenide  gives  an  apparent  aelivation  energv 
ot  il..'.''  e\'.  The  photoioni/aition  speelrum  shows  two  thresholds,  altrihuied  lo  transitions  from  the  level  to  the  /'  :md 
I  vallevs.  An  interviillev  sptieing  of  1.2P  i  O.llh  cV  is  dedneed. 


I.  Introduction 

I  here  are  several  reports  of  a  variety  of  deep 
levels  in  the  upper  half  of  the  httnd  gap  ttf  zinc 
selenide  grown  hy  various  methods.  The  measure¬ 
ments  were  made  by  Ul.l'S  or  photoeapaeitanee. 
It  is  found  that  the  concentration  is  rather  low. 
tvpically  '  Id'''  cm  We  htive  found  a  sample 
of  /nSe  with  one  dominant  level  in  the  upper 
half  of  the  gap.  all  other  levels  in  this  upper  half 
having  a  concentration  ;it  least  a  factor  of  ten 
lower.  We  htive  been  able  to  measure  the  pholo- 
capacitiincc  spectrum  over  a  wide  energy  range; 
this  gives  information  tibout  the  centre  producing 
the  deep  level  and  also  tibout  the  structure  of  the 
eonduetion  band.  We  have  also  made  measure¬ 
ments  of  theimal  emission  of  electrons  from  the 
level  to  the  conduction  btmd  and  of  the  capture 
of  electrons  at  the  level  and  hence  have  been  able 
lo  relate  the  centre  to  centres  reported  in  the 
literature. 


(  orresporuhng  .mthor 


2.  Experimental  methods  and  results 

Zinc  seleniile  was  synlhesi/cd  from  the  ele¬ 
ments  and  it  boule  was  grown  bv  evaporation 
down  a  temperature  grtidient  in  a  sealed  evacu¬ 
ated  silica  tube,  .Aluminium  w;is  added  to  ;ict  as  ;i 
donor.  The  material  was  made  eondueting  by 
treatment  in  molten  zinc.  It  nitty  be  significant 
that  the  boule  was  grown  tibout  twenty  yettrs  ago. 
since  we  htive  evidence  that  some  centres  in  ZnSe 
ctm  chtmge  in  eoncentrtition  over  a  time-scale  of 
years.  It  could  be  the  age  of  the  stimple  which 
results  in  its  htiving  onlv  one  dominant  level  in 
the  upper  htilf  of  the  band  gap.  Schottky  diodes 
were  made  with  indium  ohmic  eonttiets  and  evap¬ 
orated  gold  rectifying  contticts. 

Photoionization  metisurements  were  made  bv 
the  transient  technique.  A  forward  bias  was  ap¬ 
plied  in  order  to  fill  the  levels.  .A  beam  of 
monochromatic  light  then  emptied  the  levels. 
During  the  emptying  a  reverse  bias,  typically  2V. 
was  applied  to  minimize  effects  iissoeiated  with 
the  depletion  layer  edge.  The  change  of  capaci¬ 
tance  as  a  function  of  time  was  monitored  and 
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fitted  to  an  exponential.  It  was  found  that  over 
most  of  the  transient  a  good  fit  could  be  obtained 
with  a  single  exponential.  The  magnitude  of  the 
transient,  AC.  is  related  to  the  dark  capacitance 
C.  the  deep  level  concentration  N,  and  the  un¬ 
compensated  donor  concentration  N,,  -  by 
AC  A’, 

—  = - -  (1) 

when  Nj  «:  -  N.^,  as  is  the  case  here.  It  was 

found  that  JC  is  constant  within  experimental 
scatter  over  a  photon  energy  range  of  0.45-2.2 
eV.  Hence  A/],  i.e.  the  concentration  of  deep 
levels  being  emptied,  is  constant  over  this  energy 
range  and  one  infers  that  only  one  energy  level  is 
involved.  The  shape  of  the  transient  is  given  by 

JC'(f)  =jr(0)  [1 -exp(-//r)],  (2) 

where 

T  =  rr>.  (.5) 

with  (r"  being  the  optical  cross-section  for  the 

transition  from  the  level  to  the  conduction  band 
and  (b  the  photon  flux.  The  latter  quantity  was 
measured  separately  and  hence  was  found.  A 
spectrum  at  55  K  is  shown  in  Fig.  1.  Because  it  is 
difficult  to  make  a  precise  measurement  of  the 
absolute  value  of  cb  within  the  depletion  region, 
the  relative  value  of  <r,J'  is  shown  in  the  figure. 
Measurements  at  80  and  1 10  K  gave  almost  iden¬ 
tical  results.  Measurements  could  not  be  made  at 
higher  temperatures  because  thermal  emission 
from  the  level  becomes  faster  than  optical  emis¬ 
sion. 

^  "  S  o 


«9 

O  ' 

I.--"-' 
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hv  (eVl 

Fig.  1.  The  pholoioniziilicin  speclrum  at  5.S  K  for  Ininsilions 
from  a  level  in  ZnSe  to  the  eonduelion  band. 


The  spectrum  of  rr"  has  two  thresholds.  By 
comparison  with  the  pseudopotential  calculations 
of  Chelikowsky  and  Cohen  [1],  we  attribute  the 
first  threshold  to  a  transition  from  the  level  to  the 
/’  valley  and  the  second  to  transitions  from  the 
level  to  the  L  valleys.  The  energy  separation  of 
the  thre.shold.s.  1.26  +  0.1)6  cV.  agrees  within  the 
experimental  and  calculational  uncertainty  with 
the  calculated  value  for  the  I'-L  spacing  of  1.20 
eV.  According  to  the  calculation,  the  /'-X  spac¬ 
ing  is  1.78  eV.  beyond  the  range  of  our  measure¬ 
ments.  The  upper  limit  of  the  range  is  imposed  by 
the  fact  that,  as  in  all  ZnSe  material  which  we 
have  examined,  there  is  a  large  concentration  of 
levels  at  0.7  eV  above  the  valence  band.  i.e.  2.1 
eV  below  the  conduction  band.  Because  transi¬ 
tions  are  seen  with  large  amplitude  out  to  the 
edge  of  the  Brillouin  zone,  the  centre  must  have 
a  spread  of  its  wavefunction  in  r-spacc  which  is 
substantially  confined  within  one  unit  cell. 

From  the  capacitance  measurements  the  con¬ 
centration  of  the  level  is  estimated  to  be  x  10'^ 
cm  '.  much  smaller  than  N,,  -  N,^.  which  is  9  x 
10'-  cm  \ 

Thermal  emission  rates  were  determined  by 
applying  a  forward  bias  to  fill  some  of  the  centres 
and  measuring  the  capacitance  transient  due  to 
thermal  emptying  after  the  bias  was  removed. 
This  is  similar  to  a  single-shot  DLTS  experiment. 
The  temperature  range  was  118-150  K.  Below 
1 18  K  the  rate  is  tin)  slow  for  accurate  measure¬ 
ments:  this  is  the  range  in  which  photoionization 
experiments  arc  possible.  Above  150  K  the  rate  is 
too  fast  for  our  capacitance  bridge.  The  thermal 
emission  rate  <■[,  was  found  by  fitting  the  tran¬ 
sient  to  an  e.xponcntial. 

There  is  a  detailed  balance  relation  between 

the  capture  cross-section  tr.  the  thermal  veloc¬ 
ity  the  effective  density  of  states  .V,  and  the 
activation  energy 

‘‘I,  =  ) .  (4) 

For  easy  comparison  of  data,  it  is  conventional  to 
take  (T  and  E  as  being  independent  of  tempera¬ 
ture.  The  combination  t  y  gives  a  T’  depen¬ 
dence,  sr)  one  makes  an  Arrhenius  plot  of  the 
logarithm  of  €'|,T  ’  against  T  '.  An  apparent 
activation  energy  E  is  obtained  from  the  slope 
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and  an  apparent  cross-section  from  the  absolute 
value.  A  much  more  detailed  investigation  is  re¬ 
quired  if  the  actual  values  of  the  Gibbs  free 
energy  of  activation  and  the  actual  cross-section 
averaged  over  the  electron  energy  distribution 
are  to  be  found.  Using  the  simple  analysis,  the 
values  obtained  are  E  =  0.33  ±  0.02  eV  and  <t  = 
1.4  X  10“  cm’.  Several  authors  have  reported  a 
level  in  ZnSe,  measured  by  DLTS,  with  apparent 
activation  energy,  apparent  cross-section  and 
concentration  similar  to  the  values  we  find.  Be¬ 
cause  of  the  difference  in  technique  our  results 
cover  a  different  temperature  range  than  the 
DLTS  results.  Fig.  2  shows  the  DLTS  results  for 
level  B  of  Shirakawa  and  Kukimoto  [2],  level  E, 
of  Verity  et  al.  [3],  level  E2  of  Kosai  [4]  and  level 
E|  of  Yoneda  et  al.  [5]  together  with  our  own 
data.  It  is  probable  that  all  these  levels  are  the 
same,  with  differences  in  the  data  being  due  to 
the  electrical  field  in  the  depletion  region  which 
varies  between  different  experiments. 

Capture  rates  were  measured  by  the  technique 
of  applying  short  forward  bias  pulses  to  fill  some 
centres  and  deducing  the  concentration  of  cen¬ 
tres  which  have  been  filled  from  the  magnitude  of 
the  resultant  change  in  capacitance.  Without  a 
detailed  analysis  of  the  effects  of  the  edge  of  the 
space  charge  region,  the  values  of  the  capture 
cross-.section  found  by  this  method  are  not  accu¬ 
rate  but  are  adequate  for  compari.son  purposes. 
Fig.  3  shows  the  value  of  <r  over  the  temperature 
range  77-1 10  K.  There  is  a  weak  dependance  on 
temperature. 


. Shirakawa  et  al  (21 

,  ^  - Kosai  (4) 

1  .  - Kosat  (4J 

]  '  - Yoneda  et  al  (Si 

—  10'^  ■  .  . Verity  et  al  [61 


4  5  6  7  8  9 

I000/T(K*) 

Fig.  2.  Arrhenius  plots  of  the  emission  rale  of  a  level  in  ZnSe. 
as  determined  hy  various  authors. 
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Fig.  3.  The  capture  cross-section  for  electrons  at  a  level  in 
ZnSe  as  a  function  of  temperature 


There  is  a  large  difference  between  the  appar¬ 
ent  thermal  energy  0.33  eV  and  the  photoioniza¬ 
tion  threshold  0.46  eV,  and  between  the  apparent 
cross-section  1.4  X  10''''  cm’  and  the  measured 
value  6  X  10' cm’.  Because,  over  the  tempera¬ 
ture  range  of  measurement,  the  photoionization 
threshold  energy  and  the  capture  cro.s.s-section  do 
not  vary  strongly  with  temperature  it  is  probable 
that  the  differences  between  apparent  and  actual 
values  are  largely  due  to  electric  field  effects. 
Emission  occurs  in  the  high  field  of  the  depletion 
region  but  capture  occurs  at  forward  bias  when 
the  field  is  small,  st)  Eq.  (4)  cannot  be  used  to 
relate  the  experimentally  measured  quantities.  Flu 
et  al.  [6]  have  observed  strong  electrical  field 
effects  for  other  centres  in  ZnSe.  There  have 
been  suggestions  in  the  literature  that  a  photoion¬ 
ization  threshold  at  0.7  eV  is  associated  with  the 
level  having  an  apparent  thermal  energy  of  0.33 
cV.  implying  a  very  strong  lattice  interaction. 
However,  the  0.7  eV  threshold  was  obtained  by 
the  initial-slope  technique  which  picks  out  cen¬ 
tres  with  large  values  of  rather  than  the 

centres  with  highest  concentration,  so  this  thresh- 
olil  is  probably  related  to  a  different  centre. 


3.  Conclusions 

A  sample  of  ZnSe  has  been  found  which  has  a 
single  dominant  level  in  the  upper  half  of  the 
band  gap.  Measurements  of  emission  and  capture 
rates  show  that  the  centre  is  probably  the  same  as 
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one  frequently  observed  in  DLTS  measurements. 
Differences  between  the  values  of  the  apparent 
activation  energy  and  capture  cross-section  re¬ 
ported  by  different  groups  are  attributed  to  elec¬ 
trical  field  effects.  The  photoionization  spectrum 
has  two  thresholds,  associated  with  transitions  to 
different  valleys  in  the  conduction  band.  From 
the  energy  difference  between  the  thresholds  the 
r~L  intervalley  spacing  is  found  to  be  1.26  ±  0.06 
eV.  This  is  the  first  time  that  direct  experimental 
evidence  for  the  intervalley  spacing  has  been  ob¬ 
tained  for  ZnSe. 
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Abstract 

Wc  have  used  X-ray  photoelectron  spectroscopy  to  measure  the  valence  band  offset  for  the  MgSe/Cd|H4Zn||4,,Se 
heterojunction  grown  by  molecular  beam  epitaxy.  Lattice  matching  and  cubic  zincbicnde  growth  were  confirmed 
using  X-ray  diffraction  and  reflection  high  energy  electron  diffraction.  By  measuring  core  level  to  valence  band 
maximum  and  core  level  to  core  level  energy  separations,  we  obtain  a  value  of  0.50  +  0.10  eV  for  the  valence  band 
offset,  with  the  valence  band  maximum  of  MgSe  below  that  of  Cd||  j4Zn,i4^Sc.  This  value  deviates  from  the  common 
anion  rule,  as  may  be  expected  given  the  umKCupied  cation  d  orbitals  in  MgSe.  Application  of  our  results  to  the 
design  of  current  II-VI  light  emitters  incorporating  Zn,  ,Mg,S,Se,  ,  and  Mg,Cd,  ,Se  layers  is  discussed. 


1.  Introduction 

The  importance  of  Mg-based  semiconductor 
compounds  for  II-VI  wide  bandgap  light  emitters 
has  recently  been  demonstrated.  In  particular, 
the  blue-green  laser  diodes  (LDs)  initially  demon¬ 
strated  by  Haase  et  al,  [1]  are  now  fabricated  with 
Zn,  (MgjSjSe,  ,  cladding  layers  [2],  resulting 
in  the  demonstration  of  the  first  blue  LD  [3j  and 
the  pulsed  operation  of  pseudomorphic  blue- 
green  LDs  up  to  temperatures  as  high  as  394  K 
[4],  In  addition,  compositionally  graded  Mg, 
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Cd,  ,Se  used  as  an  electron  injector  in  the  green 
light  emitting  diode  (LED)  design  proposed  by 
Phillips  et  al.  [5]  results  in  a  device  with  nearly 
ideal  current-voltage  characteristics  and  favorable 
device  lifetimes  [6].  Finally,  simulations  show  that 
Mg,Zn,  ,Te  layers  can  be  used  to  shorten  the 
wavelength  of  light  emission  in  the  graded  elec¬ 
tron  injector  devices  [7). 

To  optimize  the  performance  of  these  devices, 
an  accurate  measurement  of  the  band  offset  be¬ 
tween  Mg-based  semiconductors  and  other  mate¬ 
rials  will  be  required.  The  importance  of  the 
valence  band  offset  (VBO)  to  LED  and  LD  de¬ 
sign  is  considerable:  the  appropriate  Mg  concen¬ 
trations  needed  in  both  the  graded  Mg,Cd,  ,Se 
region  and  the  Zn,  ,Mg,S,Se|  ,  cladding  layers 
arc  dependent  on  the  respective  VBOs,  especially 
as  the  wavelength  of  light  emission  is  extended 
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into  the  blue.  Currently,  the  LD  designs  incorpo¬ 
rating  Zn,  ,Mg^S^Se|_,,  layers  assume  a  type  I 
band  lineup  between  Zn,  _,.Mg,S,.Se|_,.  and 
ZnS|  _.Se.,  based  on  the  common  anion  rule  and 
experimental  data  in  ref.  [2]  and  on  a  semi-em- 
pirical  tight  binding  method  in  ref.  [9].  The  de¬ 
vices  using  Mg,Cd|_,Se  for  a  graded  injector 
were  also  designed  using  the  common  anion  rule. 

The  original  common  anion  rule  [8]  was  ob¬ 
served  not  to  apply  to  the  one  cation,  AI,  then 
studied  from  the  third  row  of  the  periodic  table, 
so  we  should  not  expect  it  to  neces.sarily  apply  to 
Mg,  another  third  row  cation.  Similarly,  Wei  and 
Zunger  [10]  predict  that  the  common  anion  rule 
applies  only  when  the  d  orbitals  of  the  cations  on 
both  sides  of  a  heterojunction,  e.g.  MgSe/ 
Cdii^jZniuftSe,  interact  with  their  respective  va¬ 
lence  bands  in  a  comparable  manner.  Since  the 
3d  orbitals  in  Mg  are  unoccupied,  as  in  the  case 
of  AI,  we  might  expect  a  deviation  from  the 
common  anion  rule  similar  to  that  observed  in 
the  AlAs/GaAs  system. 

In  this  paper  we  report  the  measurement  of 
the  MgSe/Cd„54Zn„4f,Se  VBO  by  X-ray  photo¬ 
electron  spectroscopy  (XPS).  This  system  was 
chosen  to  avoid  difficulties  associated  with  mea¬ 
suring  band  offsets  in  lattice  mismatched  systems, 
and  to  test  the  validity  of  the  common  anion  rule 
for  Mg  based  compounds.  Using  our  measured 
value  for  the  MgSe/Cd,i  54Zn(,4ftSe  VBO,  we  can 
estimate  the  the  Zn|_jMg,S,Se|_,./ZnS,_,Se. 
and  Mg,Cd| _,Se/CdSe  VBOs  by  linear  interpo¬ 
lation. 

Section  2  of  this  paper  describes  the  sample 
growth  and  the  XPS  experimental  setup.  Section 
3  outlines  the  XPS  data  analysis.  In  section  4,  we 
present  and  discuss  our  results,  and  we  conclude 
with  section  5. 


2.  Experiment 

The  structures  studied  here  were  grown  in  two 
Perkin-Elmer  43()P  molecular-beam  epitaxy 
(MBE)  systems,  one  devoted  to  Ill-V  and  the 
other  to  11-VI  semiconductor  growth,  GaSb 
buffer  layers  were  grown  on  GaSb  (1(K))  sub¬ 
strates  to  provide  a  smtxtth  growth  surface.  After 


the  GaSb  growth,  the  samples  were  transferred 
via  an  ultrahigh  vacuum  (UHV)  transfer  tube  to 
the  II-VI  growth  chamber.  Thick  ( >  3000  A), 
relaxed  Cd„54Zn„4^Se  layers,  followed  by  the 
band  offset  structures,  were  grown  at  a  substrate 
temperature  of  270°C  and  a  growth  rate  of  ap¬ 
proximately  53  A/min.  The  Cd|,54Zn||4f,Se  com¬ 
position  was  calibrated  using  XPS  and  X-ray 
diffraction.  The  measured  Cd„54Zn,|4^Sc  lattice 
parameter  was  5.93  A,  allowing  us  to  neglect  its 
small  lattice  mismatch  (0.68%)  to  MgSe  [2].  All 
layers  were  grown  in  the  cubic  zincblende  struc¬ 
ture  as  indicated  by  reflection  high  energy  elec¬ 
tron  diffraction  patterns. 

Following  the  ll-Vl  growth,  the  samples  were 
transferred  via  an  UHV  transfer  tube  to  a 
Perkin-Elmer  Model  55{M)  analysis  system  with  a 
monochromatic  AI  Ka  X-ray  source  (/ir  =  1486.6 
eV).  The  base  pressure  in  the  XPS  chamber  was 
typically  ^  3  x  10~ Torr.  Using  measured  XPS 
Au  4f  core  level  peaks  (HWHM  =  0.37  eV),  the 
instrumental  resolution  function  of  the  system 
was  modeled  as  a  Voigt  function  with  a  Lx)rentzian 
fraction  of  0.06,  and  a  HWHM  of  0.28  eV. 

The  core  level  to  valence  band  maximum 
(VBM)  energy  separations  were  measured  on  two 
bulk  Cd|,  54Zn„4f,Se  and  two  bulk  MgSe  samples. 
The  core  level  binding  energy  separations  were 
measured  on  two  thin  ( ~  20  A)  Cd„  ,4Zn,i4ftSe 
on  MgSe  samples,  and  one  thin  MgSe  on 
Cd|,54Zn|,4hSe  sample.  XPS  energy  separations 
measured  on  the  same  sample  under  identical 
conditions  were  typically  reproducible  to  better 
than  ±0.02  eV.  Commutativity  of  the  band  offset 
was  confirmed,  and  all  samples  yielded  energy- 
separations  that  were  reproducible  to  within  ex¬ 
perimental  error. 

3.  XPS  measurements  and  data  analysis 

To  determine  the  MgSe/Cd,i  ;;4Zn,i4hSe  VBO 
using  XPS  we  used  the  following  relation: 

\  L'  —If,'  _  t'('dZnSc\ 

—  Ip  —  p  MgSe  \ 

V  ^Mg2^  VBM  ) 

~  (  ^/.n.lp,  ,  ~  ^Mg2s)'  (  '  ) 
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where  the  three  terms  are  XPS  binding  energy 
separations  as  measured  on  bulk  CdosjZn,,  46Se, 
bulk  MgSe  and  Cd||54Zn|,4ftSe/MgSe  or  MgSe/ 
Cd|,54Zn„4^Se  heterojunctions  respectively,  as 
shown  in  Fig.  1.  For  MgSe  the  use  of  either  the 
Mg  2s  or  the  Mg2p  core  level  peaks  in  the  analy¬ 
sis  did  not  affect  the  results.  For  Cd„,4Zn„  .46 
the  only  resolvable  core  level  peak  is  Zn3p,  since 
Se  is  common  to  both  sides  of  the  junction  and 
both  the  Cd4d  and  Zn3d  peaks  overlap  with 
states  from  the  valence  band. 

To  determine  the  core  level  peak  positions,  we 
first  performed  an  integrated  background  sub¬ 
traction  and  then  fit  the  peaks  to  Voigt  functions, 
allowing  the  binding  energy,  FIWHM,  Lorentzian 
fraction  and  intensity  to  vary.  In  the  case  of  the 
MgSe/ Cd„  s4Zn,|4ftSe  heterojunction  samples, 
the  Zn3p  ,  and  Mg  2s  core  levels  overlap,  and  it 
was  necessary  to  constrain  the  peak  shapes  to 
those  obtained  from  bulk  MgSe  and  Cd|,,4 
Zn,i4ftSe  samples,  so  as  to  reduce  the  number  of 
fit  parameters.  The  resulting  fit  for  the  Zn3p,  ,, 
and  Mg  2s  core  levels  is  shown  in  Fig.  2. 


(a) 

—  ^Zn3p3„'  EvBM 


C<3ZnSe 


3 

55 

c 

'  (C) 


100  0  80  0  60  0  40  0  20  0  0  0 

Binding  Energy  (eV) 

Fig.  1.  XPS  spectra  for  (a)  bulk  Cd,,  ,jZn|,4,,Se.  (b)  thin  (  ~  20 
A)  Cdii jjZuiij^Sc  on  MgSe,  and  (c)  bulk  MgSe,  Energy 
separations  used  in  the  band  offset  measurement  are  labeled. 


Binding  Energy  (eV) 


Fig.  2.  Least  squares  fit  of  Zn.^p,  .  and  Mg2s  core  level 
peaks  for  20  A  MgSe  on  t'diisaZnuj^Se.  Four  parameters 
finlensity  and  binding  energy  of  each  peak)  were  used  in  the 
fit. 


To  determine  the  VBM  position,  we  followed 
the  procedure  outlined  in  ref.  [11],  Briefly,  this 
involves  using  a  calculated  band  structure  for 
each  material  to  determine  a  theoretical  valence 
band  density  of  states  (VBDOS).  This  VBDOS  is 
then  convolved  with  the  instrumental  resolution 
function.  Finally,  the  instrumentally  broadened 
theoretical  VBDOS  is  fit  to  the  experimental 
VBDOS  to  obtain  the  position  of  the  VBM. 

For  Cd|,  ,4Zn|,4„Se  the  best  fit  for  the  VBDOS 
was  obtained  using  the  band  structure  of  ZnSc 
calculated  by  the  pseudopotential  method  (12], 
while  allowing  one  additional  energy  scaling  pa¬ 
rameter  to  account  for  differences  in  the  band 
structure  of  ZnSe  versus  Cdm4Zn|i4^Se.  Spin- 
orbit  interactions  [13.14]  and  an  electron  effective 
mass  parameter  to  incorporate  the  nonliK'ality  of 
the  pseudopotential  [15]  were  included  in  the 
calculations.  The  critical  point  energies  needed 
for  the  pseudopotential  ealcuiations.  and  parame¬ 
ters  needed  to  determine  the  .spin-orbit  interac¬ 
tions  were  obtained  from  refs.  [14]  and  [16.17] 
respectively. 

For  MgSe  the  empirical  pseudopotential 
method  could  not  be  used  since  very  little  is 
known  of  its  band  structure.  Instead,  we  calcu¬ 
lated  the  MgSe  band  structure  using  the  semiem- 
pirical  linear  combination  of  atomic  orbitals 
method  [IS],  including  spin-orbit  interactions 
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(a) 


Fig.  5.  Fit  of  experimental  VBDOS  (ol  and  insirumentally 

hrt)adened  theoretical  VBDOS  ( - )  for  (a)  Cd„54 

Zn,,4„Se.  and  (b)  MgSe.  Insets  show  the  theoretical  VBDOS. 
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Fig.  4.  Core  level  l<i  VBM  separation  as  function  of  the 
maximum  binding  energy  of  the  fitting  interval  for  (a) 
Cd||,4Zn,i4^Se.  and  (h)  MgSc.  Ixiw  variance  in  the  energy 
separations  indicates  accurate  modeling  of  the  experimental 
VBDOS 


[19],  and  allowing  for  the  additional  energy  scal¬ 
ing  parameter  mentioned  above. 

Fig.  3  shows  the  fitted  VBDOS  for  both  MgSe 
and  Cd,|  ,4Zn|,4^Se.  The  use  of  an  energy  scaling 
parameter  required  us  to  verify  the  validity  of  the 
calculated  band  structures.  To  do  this  we  fol¬ 
lowed  the  procedure  in  ref.  [11],  and  varied  the 
VBM  fit  region  as  shown  in  Fig.  4.  The  small 
variation  of  the  fitted  VBM  position  as  a  function 
of  fit  region  indicates  that  the  VBDOS  used 
accurately  models  the  experimental  VBDOS. 


4.  Results  and  discussion 

The  average  results  from  the  XPS  measure¬ 
ments  are  (F'zn.yp,  ,  -  t'vBVKcdZnSc))  =  ^^.Sl  ± 
0.04  eV,  -  t\:„M,MgSc,)  =  87.82  ±  0.04  eV, 

and  =  0.81  ±  0.08  eV.  From 

Eq.  (1)  we  obtain  an  average  MgSe/ 
Cd(,54Zn|,4pSe  VBO  of  0.50  ±0.10  eV  with  the 
VBM  of  MgSe  below  that  of  Cd,|,4Zn„4pSe.  This 
deviates  from  the  common  anion  rule  in  the  same 
direction  and  with  the  same  order  of  magnitude 
as  the  AlAs/GaAs  system.  Since  both  Mg  and  Al 
are  third  row  elements  in  the  periodic  table  and 
have  unoccupied  d  orbitals,  this  supports  the 
importance  of  including  the  repelling  effects  of 
cation  d  orbitals  on  the  VBM  in  band  offset 
predictions  for  common  anion  systems. 

To  apply  the  results  of  this  band  offset  mea¬ 
surement  to  the  design  of  current  11-Vl  light 
emitters  requires  that  we  estimate  the  Zn,  , 
Mg^S.Se,  ,/ZnS|  .Se.  and  Mg,Cd|  ,Se/ 
CdSe  band  offsets  based  on  our  new  results. 
Using  the  ZnSc/ZnS  band  offset  obtained  from 
ref.  [20],  assuming  a  linear  dependence  of  the 
band  offset  on  composition,  and  neglecting  strain 
effects,  we  e.stimate  the  Zn„,4Mg,|  .18,1,80,17/ 
Zn8„„p8e„„4  VBO  to  be  roughly  0.29  eV  versus 
0.19  eV  obtained  using  the  common  anion  rule. 
The  corresponding  conduction  band  offsets  arc 
0.04  and  0.14  eV,  respectively.  These  quantities 
arc  approximate;  however,  the  qualitative  trend 
indicates  that  the  Mg  and  8  concentrations  in  the 
Zn,  ,Mg,8,8e,  ,  layers  may  need  to  be  in- 
crea.sed  in  the  LD  design  for  adequate  electron 
confinement,  especially  if  the  wavelength  of  light 
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emission  is  extended  further  into  the  blue.  Our 
results  indicate  that  the  Mg  concentration  in  the 
MgjCd,  ,Se  layer  for  the  graded  electron  injec¬ 
tor  device  should  also  be  increased  for  efficient 
carrier  injection. 


5.  Conclusions 

We  have  measured  the  VBO  of  the  lattice 
matched  MgSe/ Cd, 15420,, ^^.Se  heterojunction 
using  XPS.  The  measured  VBO  was  0.50  ±0.10 
eV  with  the  VBM  of  MgSe  below  that  of 
Cd,i54Zn|i4,,Se.  This  value  deviates  significantly 
from  the  common  anion  rule,  and  supports  the 
importance  of  cation  d  orbitals  in  VBOs  for  com¬ 
mon  anion  heterojunctions.  Our  measured  VBO 
indicates  that  the  Mg  and  S  concentrations  in 
Zn,_,Mg,S,,Se, cladding  layers  may  need  to 
be  higher  than  previously  thought  for  adequate 
electron  carrier  confinement,  particularly  as  the 
emission  wavelength  is  shortened.  Also,  the  Mg 
concentration  in  Mg,Cd|_,Se  grading  layers 
needs  to  be  increased  for  efficient  electron  injec¬ 
tion  in  the  graded  electron  injector  devices. 
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Abstract 

Raman  measurements  are  used  to  probe  the  built-in  strain  due  to  the  large  lattice  mismatch  in  two  short-period 
ZnSe-ZnTe  superlattices.  In  the  largest  period  structure,  ItKal  information  on  confinemeni  and  strain  effects  in  the 
different  layers  is  deduced  from  the  LO  phonon  frequencies.  An  estimate  of  the  in-plane  strain  gives  evidence  of  a 
partial  relaxation  of  both  layers;  in  this  structure,  folded  acoustical  phonons  are  clearly  observed  under  resonant 
conditions.  The  Raman  spectra  of  the  shortest  period  supcrlattice  are  characterized  by  a  unique  structure  assigned 
to  an  unusual  propagative  mode  resulting  from  the  overlap  of  the  optical  bands  of  the  two  constituents. 


1.  Introduction 

The  strain  state  of  periodic  artificial  structures 
combining  lattice-mismatched  materials  may  play 
a  major  role  in  lattice  dynamics,  by  governing  the 
overlap  of  the  longitudinal  phonon  dispersion 
curves  of  the  two  constituents  and  thus,  the  true 
nature  (propagative  or  confined)  of  vibrational 
modes.  In  ZnTe-ZnSe  superlattices,  the  large 
lattice  mismatch  is  expected  to  generate 

an  isotropic  in-plane  strain  field,  likely  to  induce 
an  overlap  of  the  strain-free  optical  bands  of  the 
two  materials.  Indeed,  the  zone  centre  phonon  in 
ZnTc  [1]  is  quasi-degenerate  with  its  X  zone  edge 
counterpart  in  ZnSe  [2],  both  mostly  implying 
motions  of  the  lightest  zinc  atoms. 


*  ('<»rresp()nding  author. 


Raman  scattering,  which  has  demonstrated  its 
ability  and  sensitivity  as  a  vibrational  spec- 
tro.scopy  in  superlattices  studies  [3],  was  used  to 
probe  phonons  in  short-period  ZnSe-ZnTe  su- 
perlattices.  The  structures  were  examined  with 
various  exciting  wavelengths,  in  order  both  to 
take  advantage  of  resonance  effects  and  to  achieve 
a  depth  profile  of  the  samples. 


2.  Experimental  procedure 

Two  short-period  superlattices  (ZnSe--ZnTe|4 
and  ZnScj-ZnTe^)  were  grown  by  mctalorganic 
vapour  phase  epitaxy  under  an  overall  pressure  of 
4(K)  Torr,  at  3(X)°C.  ZnSe  buffer  layers.  200  nm 
thick,  were  deposited  on  ((K)l)  GaAs  substrates, 
prior  to  the  epitaxial  growth  of  80  alternating 
layers.  Details  on  precursors  and  growth  condi¬ 
tions  have  been  given  elsewhere  [4,3], 
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The  superlattice  period  was  determined  by 
double  X-ray  diffraction  technique  and  the  qual¬ 
ity  of  interfaces  checked  by  transmission  electron 
microscopy  (TEM)  experiments.  Reflectance  and 
photoreflectance  measurements  carried  out  on 
the  largest  period  sample  (d  =  6  nm)  at  low  tem¬ 
perature  evidenced  type  II  excitations  at  2.52  and 
2.65  eV.  tentatively  attributed  to  e,-hh,  (D  and 
ei-hhj  (X^)  transitions,  respectively  [4]. 

The  Raman  measurements  were  performed  at 
room  temperature,  in  an  internal  back.scattering 
geometry  along  the  [001]  direction.  The  exciting 
radiation  was  provided  by  Ar^  and  Kr*  ion  lasers 
operating  at  different  wavelengths.  The  scattered 
light  was  analysed  with  a  T8fl0  Coderg  triple 
monochromator  and  detected  by  conventional 
photon  counting  electronics. 


3.  Raman  results  and  discussion 

Fig.  1  displays  the  unanalysed  spectra  recorded 
from  the  ZnScy-ZnTe^  .superlattice.  The  excit¬ 
ing  energy  was  varied  from  above  (A,  =457.9 
nm)  to  below  (Al  =  647.1  nm)  the  band  gap.  as 
shown  by  the  increase  in  intensity  of  the  signal  at 

292.5  cm“'  originating  from  the  GaAs  substrate. 

Direct  evidence  of  superlattice  formation  is 

given  in  the  insert,  where  the  first  LA  doublet, 
folded  at  the  minizone  centre  by  the  new  period¬ 
icity.  merges  at  24.8  cm  '  for  photons  nearly 
resonant  with  the  Ci-hh,  (/')  transition.  Accord¬ 
ing  to  the  layered  elastic  continuum  model  of 
Rytov  [6],  the  doublet  frequencies  may  be  calcu¬ 
lated  from  the  LA  dispersion  curves  of  ZnTe  and 
ZnSe  [1,2].  For  backscattering  geometry  with  A, 
=  514.5  nm.  the  upper  component  frequency  is 
estimated  to  be  21.7  cm  '.  The  disagreement 
with  experiment  could  result  from  strain-induced 
changes  in  elastic  velocities  or  uncertainties  in 
the  value  of  the  superlattice  period. 

The  spectrum  for  A,  =  457.9  nm  differs  from 
the  others  in  the  optical  frequency  range,  with 
the  emergence  of  a  complex  structure  peaking  at 

252.5  cm  '.In  spite  of  strong  absorption,  the 
main  peak  comes  from  the  ZnSe  buffer  layer,  as 
evidenced  by  its  frequency  and  its  enhancement 
for  outgoing  photons  in  resonance  with  the  ZnSe 


Fig.  I.  Unanalysed  Raman  spectra  of  the  ZnSe.-ZnTeu 
superlaltice  recorded  at  room  temperature,  using  the  follow¬ 
ing  laser  wavelengths;  (a)  A,  =f>47.1  nm:  (b)  A,  =  514.5  nm; 
(c)  A,  =488.0  nm;  (d)  A(  =  457.0  nm.  Insert:  low  frequency 
side  of  the  Raman  spectra. 

band  gap  at  2.67  eV.  The  weak  and  discrete  lines 
observed  on  its  low-frequency  side  are  attributed 
to  optical  modes  confined  in  the  ZnSe  layers, 
which  can  be  described  as  standing  waves,  the 
frequency  of  which  are  given  by  the  bulk  disper¬ 
sion  relation  io{q)  for: 

‘7n  =  '»7r/(r/,  +  In,).  (1) 

where  n  is  an  integer,  d,  the  layer  width  and  « , 
the  lattice  parameter  of  bulk  ZnSe  [7],  The  245.5 
cm  “ '  line  is  identified  as  the  n  =  2  confined 
mode  owing  to  its  polarization  selection  rules 
(not  di.scussed  in  the  present  paper).  Its  down¬ 
wards  shift  Jar  =  —  7  cm  ■ '  with  respect  to  the 
zone  centre  LO  phonon  of  bulk  ZnSe  has  two 
components,  due  respectively  to  confinement  and 
strain  effects: 

strain  * 

From  the  LO  phonon  dispersion  curves  of  ZnSe 
[2],  we  calculated  Jar,.,„,i„,^,„,  =  -4  cm  '  for 
d,  =  2  nm  and  then  J or =  -3  cm  '.  Using 
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for  the  strain  induced  shift  the  equations  and  the 
data  from  Cerdeira  et  al.  [8],  we  obtained  the 
relation: 

-l“>strain  =  -414e.  (.^) 

where  e  is  the  in-plane  strain,  from  which  a 
built-in  tensile  strain  of  0.7%  is  deduced  for  the 
ZnSe  layers. 

All  the  spectra  exhibit  a  sharp  peak  at  208.5 
cm“',  which  gives  further  evidence  of  superlat¬ 
tice  formation,  owing  to  the  resonant  behaviour 
nr  this  structure  and  of  its  overtone  at  417  cm~' 
when  the  energy  of  the  outgoing  photons  is  tuned 
on  the  e|-hh|  (D  excitation.  The  B,  symmetry 
(as  determined  by  polarization  measurements) 
and  the  frequency,  2  cm  ~ '  higher  than  that  of  the 
zone  centre  LO  phonon  of  ZnTe,  suggest  an 
n  -  1  confined  mode  in  strained  ZnTe  layers.  As 
the  frequency  shift  due  to  confinement  nearly 
balances  the  strain  effect,  a  residual  compressive 
strain  of  ().*)%  is  deduced  from  (1),  using 

•^^ainrinf mem  ^  '  and 

-284f.  (4) 

from  ref.  [8],  According  to  the  Raman  results,  the 
ZnSey-ZnTeij  superlattice  is  thus  partly  relaxed. 

Interface  smudging  associated  to  the  admix¬ 
ture  of  lighter  selenium  atoms  in  ZnTe  layers 
could  be  responsible  for  the  structure  observed 
around  220  cm  ',  the  single  mode  frequency  of 
ZnSe,-ZnTe|  solid  solutions  for  .v  =  0.2  [9]. 

The  Raman  spectra  from  the  ZnSc4-ZnTc7 
superlattice  are  somewhat  different,  as  shown  in 
Fig.  2.  A  broad  band  centred  at  217  cm  '  consti¬ 
tutes  the  unique  Raman  signature  of  the  super- 
lattice.  besides  the  signal  from  ZnSe  showing  up 
in  resonant  conditions  and  that  from  the  GaAs 
substrate,  both  previously  identified.  The  single 
mode  appearance  likely  results  from  the  overlap 
of  the  two  LO  phonon  bands  induced  by  strain, 
as  discussed  in  the  following.  From  relation  (4), 
the  2()  cm  '  upward  shift  of  the  ZnTe  optical 
band,  required  for  an  overlap  in  the  205-225 
cm  '  range,  should  be  induced  by  an  in-planc 
deformation  close  to  the  lattice  mismatch  for 
bulk  constituents,  as  expected  for  pseudomorphic 
growth  in  relation  to  the  buffer  layer.  This  coher¬ 
ent  growth  is  otherwise  supported  by  the  value  of 


Raman  shift  (cm  ') 

Fig.  2.  Unaniilyscd  Raman  spectra  itf  the  ZnSe, -ZnTe-  su- 
perlatlice  reeinued  al  room  temperature,  using  the  following 
laser  wavelengths;  (a)  A,  =  .s|4..s  nm:  (h)  A,  =  472.7  nm;  (cl 
A|  =  4(>.S.S  nm;  (d)  A,  =  4,s7.>)  nm. 

critical  thickness  of  ZnTe  layers  on  ZnSe  [5]. 
According  to  this  assumption,  modes  propagating 
throughout  the  superlatticc  are  expected  in  the 
205-225  cm  '  frequency  range.  As  these  folded 
modes  arc  very  close  to  each  other,  they  form  a 
continuum  responsible  for  the  observed  bund.  On 
the  other  hand,  the  interpretation  of  this  band  in 
terms  of  alloying  effects  (due  to  interface  smudg¬ 
ing)  only  can  be  ruled  out,  in  view  of  TEM 
observations. 


4.  Conclusion 

Raman  measurements  have  evidenced  differ¬ 
ent  strain  effects  in  short-period  ZnTe-ZnSe  su- 
pcrlatticcs,  grown  by  MOVPE  on  ZnSe  buffer 
layers.  The  first  one  (period  6  nm)  has  been 
proved  to  be  close  to  a  fully  relaxed  configura¬ 
tion.  The  strain  field  in  the  second  one  (d  =  .4.3 
nm)  is  essentially  localized  in  ZnTe  layers,  in 
accordance  with  a  pseudomorphic  growth  in  rela¬ 
tion  to  the  buffer. 
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Abstract 

In  this  paper  wc  report  an  investigation  of  the  morphology  of  the  interfaces  of  liquid  phase  epitaxy  (LPE)  grown 
HgCdTe  thin  films  on  CdTc  and  CdZnTe  substrates  by  atomic  force  microscopy  (AFM)  on  freshly  cleaved  (110) 
crystallographic  planes.  An  empirical  observation  which  may  be  linked  to  lattice  mismatch  was  indicated  by  an  angle 
between  the  cleavage  steps  of  the  substrate  to  those  of  the  film.  Te  precipitates  with  size  ranging  from  .5  nni  to  20  nm 
were  found  to  be  most  apparent  near  the  interface. 


1.  Introduction 

Epitaxially  grown  HgCdTe  (MCT)  thin  films 
are  often  utilized  in  the  manufacture  of  infrared 
detectors.  The  common  methods  of  preparation 
of  MCT  thin  films  include  molecular  beam  epi¬ 
taxy  (MBE).  metalorganic  chemical  vapor  deposi¬ 
tion  (MOeVD)  and  finally,  the  most-developed 
or.e.  liquid  phase  epitaxy  (LPE)  [1].  However, 
even  when  using  the  LPE  method,  there  are  some 
difficulties  in  achieving  high  perfection  and  ho¬ 
mogeneous  MCT  films.  This  is  particularly  due  to 
interfacial  defects  which  result  from  lattice  mis¬ 
match  between  the  substrate  and  the  film.  Film 
imperfections  induced  during  growth  consist  of 
structural  defects  which  propagate  from  the  sub¬ 
strate  into  the  film,  and  of  the  formation  of  Tc 
precipitates  [2].  The  study  of  the  interfacial  de¬ 
fects  in  the  cross-section  of  the  film  and  the 
substrate  is  therefore  essential  and  has  been  in- 
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deed  investigated  by  various  techniques.  In  the 
micrometer  scale,  optical  microscopy  has  been 
employed  to  observe  macro  defects  and  precipi¬ 
tates  [3].  Scanning  electron  microscopy  (SEM) 
enabled  the  observation  of  misfit  dislocations  and 
etch  pits  in  the  submicrometer  scale  [4].  Recently, 
transmission  electron  microscopy  (TEM)  and  high 
resolution  TEM  (HRTEM)  have  been  utilized  to 
study  the  interface  and  structural  defects  down  to 
atomic  resolution,  revealing  point  defects,  stack¬ 
ing  faults,  dislocations  and  twins  [5].  However, 
both  these  techniques  (TEM  and  HRTEM)  re¬ 
quire  high  vacuum  conditions  and  face  additional 
complications  in  sample  preparation,  particularly 
when  low  electrical  conductors  are  considered. 
More  recently,  atomic  force  microscopy  (AFM) 
has  been  employed  as  a  very  efficient  tool  for 
investigating  the  micromorphology  of  nanotwins 
in  CdMnTe  crystal  [b],  as  well  as  single  atomic 
layer  cleavage  steps  in  CdZnTe  crystal  [7],  In  this 
article  wc  present,  for  the  first  time,  an  AFM 
study  on  the  micromorphology  of  interfaces  be¬ 
tween  HgCdTe  films  on  CdTe  substrates  (MCT/ 
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CD  and  HgCdl'c  films  im  CdZnTc  substrates 
(MCr/CZ'D.  The  AFM  measurements  were  ear- 
ried  out  in  the  ambient,  on  freshly  eleaved  sam¬ 
ples;  they  do  not  require  any  special  sample 
preparation  and  are  suitable  for  characterizing 
both  conducting  and  insulating  surfaces.  The  abil¬ 
ity  to  image  insulators  is  critical  in  the  case  of  the 
MCI'/  substrate  interface  where  MCT  films, 
which  have  a  low  resistivity  on  the  order  of  about 
10  il  cm.  are  grown  on  CT  or  on  CZT  substrates 
which  may  have  resistivities  of  10^  fj  cm  and 
higher. 


2.  Experimental  procedure 

The  MCT  films  were  grown  by  the  conven¬ 
tional  liquid  phase  epitaxy  (LPE)  method,  from 
l  e-rich  solutions  on  ( 1 1 1 )  CdTe  or  C’d|,,„,Zn„|,4Te 
substrates.  The  cross-sections  of  the  film/sub- 
stratc  interfaces  were  established  by  cleaving  the 
hack  side  of  the  substrate  along  the  (110)  plane 
,md  parallel  to  the  epitaxial  growth  direction,  all 
the  way  thrtiugh  the  MCT  film.  Optical  micro- 
''Cope  images  of  the  interfaces  between  the  film 
and  the  substrtite  did  not  show  any  defects  or 
precipitates  at  this  resolution. 

The  AI  M  studies  were  done  using  a  Digital 
Instruments  Nanoscope  II  equipped  with  piezo¬ 
electric  lube  scanners  allowing  imaging  of  cleaved 
crystals  from  atomic  resolution  up  to  1,^0  /am 
maximal  scans.  The  cantilevers  were  commercial 
nanoprobes  made  of  gold  coated  silicon  nitride. 
The  force  constant  of  the  cantilevers  used  in  this 
study  was  taken  to  be  O.Ob  N /m.  This  is  the  value 
specified  by  the  manufacturers  for  this  particular 
cantilever  although  the  force  constant  can  vary 
significiintly  due  to  the  differences  in  the  thick¬ 
ness  of  the  silicon  nitride  wafers  frtim  which  the 
Ciintilevers  were  made  (S|. 


3.  Di.scus.sion 

l  ig.  la  shows  an  image  of  the  interface  be¬ 
tween  an  MCT  film  (Hg,, -„('d|, I'e)  and  a  C’d'le 
substrate.  The  scanned  area  is  about  '■)  /rm  x  9 
/um.  I  rom  the  Al'M  images,  it  was  observed  that 


Fii*.  I  AFM  iniiigcs  on  cleaved  croNs-seclion.  illustraling  the 
lip  eflccl.  (a)  the  image  i>r  the  lirst  scan,  lb)  Image  alter 
scanning  a  smaller  area  and  (c)  image  alter  rescanning  the 
small  regions  shown  in  (b)  at  45  C'  (marker  represents  I  ^m). 

the  film  has  been  modified  as  a  result  of  the 
AF-'M  scanning,  wliilc  the  substrate  did  not  have 
any  apparent  modification.  The  .scanned  area  of 


A/.  Azouhiy  I’t  al.  /Jtntntui  (if  Crystal  iirowih  I.^S  i /W-/)  f>}7->22 


Fig.  la  was  reimaged  and  the  traces  of  the  previ¬ 
ous  scans  could  be  clearly  visible  in  the  subse¬ 
quent  .scans.  These  traces  are  attributed  to  the 
interaction  of  the  tip  with  the  sample  surface. 
Another  image  of  the  small  area,  shown  in  Fig. 
lb,  was  obtained  at  a  different  scanning  angle 
(45°)  with  respect  to  the  first  one.  The  result  of 
this  scan  is  shown  in  Fig.  Ic,  where  the  evidence 
of  the  shaped  deformation  in  the  film  fits  the 
scanning  angles.  Once  again  the  substrate  did  not 
show  any  significant  deformation,  e.xcept  in  the 
region  adjacent  to  the  interface,  from  the  sub¬ 
strate  side.  This  sequence  was  completed  by 
reimaging  the  largest  area  of  Fig.  la,  where  no 


additional  deformation  to  the  film  was  apparent. 
In  this  case,  the  film  deformation  due  to  the  Ti 
/im  X  .4  yarn  .scan,  seen  in  Fig.  lb,  has  been  cleared 
away,  showing  a  relatively  smooth  surface  near 
the  deformed  region  achieved  by  the  interaction 
of  the  tip  with  the  surface.  The  ci)nclusion  drawn 
from  the  series  of  images  in  Fig.  1  was  that  the 
difference  in  hardnesses  of  the  film  and  the  sub¬ 
strate  required  a  calibration  and  adjustment  of 
the  force  constant  of  the  cantilever,  in  order  to 
make  it  possible  to  analyze  the  interface  with 
minimum  damage  to  the  film. 

A  forcc-d. stance  plot  provides  the  magnitude 
of  the  interacting  forces  between  the  sample  and 


Fig.  2.  A  sequence  of  four  AFM  images  on  an  MCT /CT  cleaved  cross-section,  showing  the  micromorphology  of  (a)  large  area  of 
the  interface  region,  (b)  small  area  of  the  interface  region  of  higher  resolution,  (cl  the  film  and  (d)  the  substrate.  The  markers 
represent  I  qm  in  (a)  and  (b).  and  II..S  qm  in  (c)  and  (d). 
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cantilever.  If  the  spring  constant  (force  constant) 
k  of  the  cantilever  is  known,  the  applied  force,  F, 
can  be  determined.  The  calculated  values  of  the 
forces  for  the  film  and  the  substrate  were  11.1 
and  17.16  nN  in  the  case  of  MCT/CT,  re.spec- 
tively.  while  for  MCT/CZT  the  values  were  13.18 
and  17.78  nN,  respectively.  Zn  is  known  to  have 
the  effect  of  lattice  hardening  in  CdZnTe,  in¬ 
creasing  the  crystal  hardne.ss  as  a  function  of  the 
Zn  content  [9];  therefore  it  appears  that  the  opti¬ 
mal  applied  force  is  related  to  the  hardness  of  the 
material.  Further,  the  MCT  film,  grown  on  the 
CZT  substrate  showed  a  slightly  higher  force,  as 
compared  to  that  of  the  MCT  film  grown  on  CT. 
Subsequent  imaging  required  that  the  applied 


forces  be  calibrated  and  optimized  to  image  the 
interface  region  that  would  include  both  the  sub¬ 
strate  and  the  film  in  one  image.  Figs.  2a  and  2b 
are  AFM  images  of  an  MCT /CT  interface,  with 
no  apparent  tip  effects,  for  a  large  area  of  13.6 
/xm  X  13.6  /xm  followed  by  a  smaller  area  of  3.8 
^mx3.8  ;txm,  respectively.  In  Fig.  2c  the  film 
itself  is  imaged,  while  in  Fig.  2d  only  the  sub¬ 
strate  has  been  scanned.  These  imaged  regions 
were  near  the  interface  and  the  scanned  areas 
were  of  1.5  p.m  X  1,5  /xm. 

As  was  mentioned  earlier,  the  sample  surface 
profile  was  performed  after  cleavage  and  the 
profile  exhibited  the  cleavage  steps  which  are 
clearly  observed  in  Fig.  2a  as  the  straight  parallel 


Fig.  .t,  A  sequence  i)f  four  AFM  Image.s  on  an  MCT/CZT  cleaved  cros.s-.seclion,  showing  the  micromorphology  of  (a)  large  area  of 
the  interface  region,  (b)  small  area  of  the  interface  region  with  higher  resolution,  (c)  the  film  and  (d)  the  substrate.  The  markers 
represent  I  nm  in  (a)  and  (bt.  and  0.5  ^m  in  (c)  and  td). 
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lines  in  the  substrate.  These  lines  are  propagating 
into  the  film  at  an  apparent  angle,  f"),  between 
the  cleavage  line  of  the  substrate  and  the  cleav¬ 
age  line  of  the  film,  designated  in  Fig.  2b.  An¬ 
other  angle,  <P.  designated  in  Fig.  2a,  was  defined 
between  the  direction  of  the  cleavage  lines  of  the 
film  and  the  epitaxial  growth  direction  (per¬ 
pendicular  to  the  interface).  As  an  empirical  ob¬ 
servation  it  appears  that  these  angles,  (~)  and  <#>, 
with  values  of  25°  and  8°  ( ±  1°),  respectively,  may 
be  attributed  to  lattice  misc-iatch  between  the 
film  and  substrate,  which  was  calculated  from  the 
commonly  applied  expression:  [tf,|(subst.)  - 
n,i(MCT)]/[a|,(subst.)],  and  was  found  to  have  a 
value  of  about  3  X  10  ■'  for  the  CdTe  substrate. 
It  is  evident  that  the  film  exhibits  more  cleavage 
steps,  than  the  substrate.  This  is  probably  due  to 
a  high  dislocation  density  near  the  interface,  as  a 
result  of  the  misfit,  which  is  known  to  occur  in 
MCT/CT  interfaces  and  has  been  observed  by 
SEM  [4], 

The  average  surface  roughnesses  of  the  film 
and  the  substrate  were  calculated  by  utilizing  a 
line-.scan  function  on  the  images  shown  in  Fig.  2c 
and  Fig.  2d.  employing  procedures  that  have  been 
reported  recently  [10],  and  found  to  be  0.32  and 
0.17  nm.  respectively,  which  fit  the  dimension  of 
about  one  atomic  layer. 

Fig.  3  presents  a  sequence  of  images  similar  to 
that  of  Fig.  2;  however,  these  images  arc  for  a 
MCT  film  (Hg||7,,Cd|i;,,Tc).  grown  on  a 
Cd,|,„,Zn||||4Te  substrate  rather  than  CdTc.  A 
large  area  of  9  /im  x  9  /am  of  the  interface  and  a 
smaller  scan  of  3.9  /am  X  3.9  /am  with  higher 
resolution  arc  shown  in  Fig.  3a  and  Fig.  3b. 
respectively.  In  contrast  to  the  MCT/fTT  system, 
the  shapes  of  the  cleavage  steps  on  the  film  side 
are  elongated  triangles,  initiated  from  the  inter¬ 
face  and  widening  towards  the  surface  of  the 
film,  where  the  substrate  exhibits  fewer  and 
smoother  cleavage  steps  as  compared  to  thr)se  of 
the  CdTc.  Fig.  3a  and  Fig.  3b  show  the  images  of 
the  film  and  the  substrate  regions  near  the  inter¬ 
face  at  a  higher  resolution  than  that  of  the  im¬ 
ages  of  Figs.  2c  and  2d,  indicating  the  presence  of 
some  Te  precipitates  [7]  in  the  film,  apparent  as 
bright  dots  in  Fig.  3c.  The  calculated  average 
surface  roughnesses  of  the  MCT/CZT  sample 


Tabic  I 

Summary  of  various  parameters  on  the  micromorphoioi’v  of 
the  films  and  the  substrates 


Film 

<-) 

<l> 

Misfit 

(deg) 

(deg) 

film 

suhslrale 

(nm) 

(nm) 

MCT/CT 

25 

8 

.t.OxTO  ’ 

0.32 

0.17 

MCT/ZCT 

.to 

5 

4.bs  Id  ‘ 

(i./i 

0.1. s 

were  found  to  be  slightly  lower  than  those  of 
MCT/C^r.  with  values  of  0.21  and  0.15  nm.  due 
to  a  lower  content  of  precipitates.  The  angles  (-) 
and  0,  with  values  of  3°  and  .30°  (  +  1°).  respec¬ 
tively.  obtained  on  the  MCT /CZT  sample,  differ 
significantly  from  those  measured  on  the 
MCT/CT  interface,  apparently  due  to  the  lower 
lattice  mismatch  of  4.6  X  10 

In  summary,  an  empirical  comparison  between 
MCT/(T  and  MCT/CZ'i'.  is  shown  in  Table  1 
and  may  indicate  a  better  crystalline  quality  of 
the  MCT/CZT  sample.  AFM  images  have  shown 
a  sharp  and  smooth  interface  between  the  MCT 
films  and  substrates,  where  no  apparent  macro¬ 
defects  could  be  observed  with  an  optical  micro¬ 
scope.  This  is  in  contrast  to  other  reports  [3.4], 
where  relatively  large  precipitates  were  observed 
near  the  interface.  Hi>wever.  Te  precipitates  of  15 
nm  in  size  have  been  observed  by  AFM  in  this 
study.  Investigation  of  the  interface  micromor¬ 
phology  of  MCT  thin  films  grown  on  CT  or  C’ZT 
substrates  by  AFM  has  the  advantage  of  obtain¬ 
ing  the  images  at  ambient  without  extensive  sam¬ 
ple  preparation.  To  our  knowledge,  this  is  the 
first  report  of  a  film/ substrate  interface  mor¬ 
phology  study  in  II- VI  compounds  by  AFM.  Fur¬ 
ther  studies  are  under  way  to  achieve  an  in- 
crca.scd  resolution,  down  to  the  atomic  level,  by 
performing  the  AFM  analysis  under  an  inert  gas 
atmosphere  or  in  a  liquid  cell. 
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Abstract 

Wc  investigate  the  cr>stal  quality  of  ZnTe ;  N  epilayers  grown  on  ZnTe  and  OaSb  substrates  under  various  growth 
conditions  using  atomic  force  microscopy  (ATM),  transmission  electron  microscopy  (TF.M).  and  X-ray  diffraction. 
Due  to  superior  crystal  quality,  epilayers  grown  on  GaSb  substrates  were  of  higher  quality  than  those  grown  on  ZnTe 
substrates.  Hillocks,  observed  on  the  surfaces  of  ZnTe :  N/ZnTe  supcriattice  epilayers  on  ZnTe  substrates,  arc  the 
result  of  Te  {111}  fault  planes  emanating  from  the  substrate  and  sets  of  Zn  llllj  twin  planes  originating  at  the 
superlattice  interface.  The  number  of  dislocations  at  the  GaSb  substrate/ buffer  interface  and  corresponding 
ZnTe:N  cpilayer  was  significantly  less  than  those  grown  on  the  ZnTe  substrates. 


I.  Introduction 

Recently,  nitrogen  doping  has  offered  a  partial 
solution  to  the  doping  and  contact  problems  of 
ZnSe  and  ZnTe  for  the  fabrication  of  II-VI  blue 
light  emitters  [1-4].  However,  to  date  there  has 
been  little  progress  on  the  understanding  of  the 
doping  proce.ss  or  its  affect  on  crystal  growth  and 
quality.  It  is  the  purpose  of  this  paper  to  study 
the  effect  of  nitrogen  doping  of  ZnTe  on  crystal 
quality. 

Crystal  quality  is  especially  importance  for  light 
emitting  devices  because  defects  and  disliKations 
can  act  as  potential  nonradiative  recombination 
centers  and  can  also  increase  electrical  resistivity, 
therefore  significantly  degrading  device  perfor¬ 
mance.  Unfortunately,  nitrogen,  a  substitional  ac¬ 
ceptor  in  ZnTe,  is  likely  to  promote  defect  and 


*  Corrcxpomlin^!  iiiithor. 


dislocation  generation  for  several  reasons.  Ac¬ 
cording  to  Chadi.  the  uncompensated  neutral  ni¬ 
trogen  atom  can  have  cither  three-fold  or  four¬ 
fold  coordination  [.‘vj.  The  more  stable  three-fold 
coordinated  nitrogen  results  from  a  broken  Zn 
bond,  which  can  act  as  a  source  for  dislocations. 
In  addition,  the  tetrahedral  bond  formed  in  ci¬ 
ther  state  will  be  significantly  shtvrtcr  since  the 
neutral  nitrogen  atom  is  about  42. bG  smaller 
than  the  lellcrium  atom.  This  results  in  local 
strain  fields  that  can  also  serve  as  nuclcation  sites 
for  defects  and  dislocation  formation.  Finally,  the 
change  in  cation/anion  tlu.xes  when  nitrogen  is 
introduced  and  its  effect  on  the  growth  dynamics 
is  a  complex  i.ssue  that  needs  to  be  understood 
and  optimized  to  ensure  stvK'hiometric  growth. 
To  gauge  these  effects,  we  have  investigated  the 
crystal  quality  and  surface  morphology  of  Zn  Te  ;  N 
epilayers  grown  on  commercially-obtained  ZnTe 
substrates  and  GaSb  substrates  using  TEM,  AFM, 
and  X-ray  diffraction.  Electrical  and  photolumi- 
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nesence  characterization  will  be  presented  else¬ 
where  [6]. 


2.  Substrate  characterization 

We  have  studied  the  effects  of  two  different 
substrates,  commercially-obtained  ZnTe  and 
GaSb.  on  the  crystal  quality  of  ZnTe ;  N  epilaycrs. 
The  ZnTe  substrates  [7],  doped  p-type  with  anti¬ 
mony  to  a  resistivity  of  1.3  Q  cm,  were  grown 
using  physical-vapor  transport  with  a  proprietary 
seeding  process  which  seeds  a  single  crystal  across 
a  2  inch  wafer.  X-ray  rocking  curve  full  width  half 
maximum  (FWHM)  for  these  substrates  ranged 
from  34  to  100  arc  sec.  Further  evidence  of  the 
substrate  crystal  quality  was  obtained  by  imaging 
the  cleaved  ( 1 10)  plane  using  AFVf.  The  surface 
showed  several  tilt  boundaries  which  formed  an¬ 
gles  of  1 1°-22°,  corresponding  to  an  edge  disloca¬ 
tion  every  5-10  atomic  planes.  The  GaSb  sub¬ 
strates.  silicon  doped  p-type  to  about  10'^  cm 
were  of  higher  crystal  quality,  with  typical  X-ray 
rocking  curves  FWFIM  of  15  arc  sec.  While  GaSb 
is  nearly  lattice  matched  to  ZnTe  (0.15';!^).  care 
must  be  taken  to  suppress  interface  reactions  and 
substrate  ion  diffusion  of  Ga  and  Sb,  which  can 
act  as  dopants  in  ZnTe  [8], 

To  prepare  the  substrate  for  epitaxial  growth, 
surface  oxides  must  be  removed  while  minimizing 
surface  roughness,  f'or  GaSb  substrates,  the  sur¬ 
face  oxides  were  removed  by  heating  the  sub¬ 
strate  while  under  a  sufficient  Sb  flux.  ZnTe 
substrates,  on  the  other  hand,  present  a  problem 
since  the  Zn  and  Te  evaporate  congruently  at 
lower  temperatures  than  ZnO.  Thus  the  follow¬ 
ing  steps  were  neccessary  to  remove  surface  ox¬ 
ides  prior  to  growth.  First,  a  2  min  soak  was 
performed  sequentially  with  TCF,  acetone,  and 
methonal  to  remove  organics  from  the  surface. 
Then  a  I  min  0.  ICF  bromine/ methanol  etch  was 
used  to  remove  ionic  contamination.  The  sub¬ 
strate  was  then  annealed  at  460°C  in  UHV  to 
remtwe  the  tellurium  oxides  and  finally  sputtered 
with  3  keV  Ar  ions  until  Auger  data  indicated 
that  the  zinc  oxides  were  removed. 

We  have  performed  a  study  of  surface  rough¬ 
ness  of  the  ZnTe  and  GaSb  substrates  to  investi- 


Table  I 

Comparison  ot  surface  RMS  and  RMS  standard  deviation  of 
ZnTe  and  GaSb  substrates  after  prcKcssing 


Sample 

description 

RMS 

(nm) 

SD 

(nm) 

Comments 

ZnTe.  R('A  clean 

I..V4 

0.14 

Waw 

ZnTe.  etched 

1.2 

()..f4 

Small  pits 

ZnTe.  sputtered 

().S2 

0.15 

Grains 

GaSb.  MCI  clean 

l.l 

0.07 

Grains 

gate  correlations  between  roughness  and  growth 
quality.  The  results  from  two  substrates  are  shown 
in  Table  1.  Nine  images,  acquired  from  different 
locations  on  the  substrate,  were  used  to  calculate 
the  average  nnvt  mean  square  (RMS)  and  the 
RMS  standard  deviation  of  the  image  height  data. 
The  data  were  acquired  with  contact  atomic  force 
microscopy  [d]  with  a  silicon  nitride  tip  and  a 
contact  force  of  5  nN.  The  ZnTe  substrates. 


Fig.  I.  (a)  II)  /imxK)  AFM  image  of  a  continuous 
7.nTe;N  epilayer  grown  on  ZnTe  substrate.  Height  range  is 
21)0  nm.  (b)  Image  of  ZnTe:N/ZnTc  superlattice  grown  on 
same  substrate. 
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which  oxidize  slowly,  were  analyzed  immediately 
in  air  after  each  process  step.  GaSb  substrates, 
which  oxidize  more  rapidly,  were  cleaned  with 
HCl  and  methanol  and  analyzed  in  a  glovebox 
with  less  than  one  ppm  oxygen. 

From  Table  I  we  see  that  both  substrates  are 
quite  simiiiar  in  both  roughness  and  morphology, 
after  their  final  step  of  processing.  The  GaSb 
substrate  was  slightly  smoother  than  the  sput¬ 
tered  ZnTe  substrate,  yet  both  have  small  grains 
of  less  than  50  nm  radius  on  the  surface.  The 
small  grains  on  the  ZnTe  substrate  are  the  result 
of  sputtering  damage.  The  grains  on  the  GaSb 
substrate  were  most  likely  due  to  anisotropic  ox¬ 
ide  growth  and  their  subsequent  removal  by  HCl. 
Thus  the  variations  in  epitaxial  quality  grown  on 
the  subsequent  layers  are  probably  not  due  to 
variations  in  surface  roughness,  but  may  be  due 
to  other  substrate  properties  such  as  inherent 
strain,  residual  impurities  or  oxides  on  the  sur¬ 
face.  etc. 


3.  Growth  results:  ZnTe  substrate 

For  all  growths,  an  undoped  ZnTe  buffer  layer 
was  grown  followed  by  the  nitrogen  doped  layer. 
The  Zn :  Te  flux  was  adjusted  during  all  growths 
to  ensure  slightly  Zn-rich  surface  reconstruction. 
The  radical  nitrogen  doping  was  produced  by  the 
discharge  of  an  Oxford  Applied  Research  RF 
(13.5  MHz)  plasma  source.  The  doping  concen¬ 
tration  was  controlled  by  varying  the  nitrogen 
flow  rate,  which  in  turn  was  monitored  by  cham¬ 
ber  pressure,  for  a  fixed  RF  power.  Doping  levels 
were  measured  using  standard  Hall  techniques. 
Two  different  approaches  were  used  to  obtain 
thick,  conductive,  nitrogen-doped  epilayers:  con¬ 
tinuous  doping  during  growth  and  delta  doping 
between  thicker  undoped  layers  in  a  superlattice 
fashion.  A  comparison  of  these  two  approaches  is 
illustrated  in  Fig.  1.  Fig.  la  shows  the  surface  of  a 
sample  grown  with  a  1.2  /rm  thick  buffer  layer 
followed  by  a  1.8  /am  ZnTe:N  doped  to  10'“ 


Kig.  2.  (a)  TtiM  cross-section  ZnTe:N/ZnTc  superlallicc  showing  hillock  originating  from  substrate/ buffer  interface,  (b)  Fault 
planes  originating  at  superlattice/ buffer  interface  with  Zn  (1 1 1)  planes  visible. 
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cm'  \  The  large  RMS  roughness  of  this  surface, 
18-19  nm,  is  caused  by  a  high  defect  density  on 
the  order  of  10**  to  lO’  defects  cm“-.  X-ray 
rocking  curves  show  that  the  epilayer  is  fully 
relaxed  from  the  substrate. 

Fig.  lb  shows  the  surface  of  a  similiar  sample 
with  a  0.5  ^m  buffer  layer  grown  followed  by  a  40 
period  superlattice  of  50  A  ZnTe :  N  and  500  A 
ZnTe.  The  mean  doping  of  the  superlattice  re¬ 
gion  is  about  10‘**  cm“^.  The  surface  RMS  rough¬ 
ness  has  been  reduced  to  about  4  nm  with  hillocks 
dispersed  on  the  surface  at  a  density  of  10*  cm"^. 
The  rocking  curves  again  show  that  the  epilayer  is 
fully  relaxed  from  the  substrate.  We  have  found 


Fig.  3.  Hillock  model  for  ZnTeiN  supcrialtice  on  ZnTe 
substrate. 


Fig.  4.  10  fimx  10  (xm  surface  of  ZnTe  -.N  epilayer  grown  on 
GaSb  substrate.  Height  range  is  20  nm. 


that  the  hillocks,  in  general,  take  the  form  of  the 
one  shown  in  in  Fig.  lb.  From  the  cross-sectional 
TEM  of  a  hillock  shown  in  Fig.  2a._wc  see  that 
the  hillocks  are  bounded  along  the  [110]  base  by 
{111)  fault  planes  that  start  at  the  substrate/ 
buffer  interface.  When  the  sample's  (110)  face  is 
further  milled  and  tilted  in  the  [7l0]  direction, 
additional  (111)  twinning  planes  became  visible 
that  emanated  from  the  supcrlattice/ buffer  layer 
interface  region,  as  shown  in  Fig.  2b.  These  sets 
of  twin  planes  interact  to  form  an  amorphous 
core  that  provides  the  lift  for  the  hillock  peak. 

The  hillock  model  is  presented  in  Figs,  .la  and 
3b.  The  different  orientations  were  determined 
from  the  angles  measured  on  the  cross-sectional 
images,  electron  diffraction  patterns  of  the  differ¬ 
ent  planes  visible  on  these  images,  and  dimen¬ 
sions  measured  using  AFM  images.  The  edges  of 
these  hillocks  lie  in  the  <  1 10>  directions,  which  is 
just  the  intersection  of  the  {111)  fault  planes  with 
the  (001)  surface.  The  (111)  fault  planes  originat¬ 
ing  at  the  substrate/ buffer,  as  in  Fig.  3a,  inter¬ 
face  define  the  [110]  base  of  hillocks  while  the 
{111)  fault  planes  originating  at  the  superlattice / 
buffer  interface  define  [110]  base  of  hillocks,  as  in 
Fig,  3b.  This  is  confirmed  from  the  hillock's  di¬ 
mensions:  the  hillock  in  the  [110]  direction  is 
times  the  thickness  of  the  entire  epilayer  while  in 
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the  [110]  direction  the  base  is  'll  times  the  thick¬ 
ness  of  the  superlattice  layer.  However,  about 
10%  of  the  hillocks  have  a  larger  base  in  the  [1 10] 
direction  than  predicted,  with  a  few  hillocks  even 
forming  symmetric  pyramids.  This  indicates  that 
some  of  the  fault  planes  bounding  the  [110]  base 
of  the  hillocks  begin  between  the  superlattice  and 
substrate. 

We  have  identified  the  {111}  fault  planes  origi¬ 
nating  at  the  substrate  to  primarily  be  the  Te 
(111]  planes  and  the  ones  originating  at  the  su¬ 
perlattice  as  primarily  the  Zn  [1 1 1}  planes  through 
a  selective  etching  technique.  The  technique  in¬ 
volves  etching  the  (001)  surface  in  a  solution  of  20 
ml,  10  ml,  and  4  g  of  water,  nitric  acid,  and 
potassium  bichromate,  respectively,  and  a  trace 
of  silver  nitrate  [10].  The  nitric  acid  primarily 
attacks  the  zinc  while  (Cr-,07)'-,  a  .strong  oxi¬ 
dizer,  reacts  with  the  tellurium  to  produce  TeO,, 
which  is  soluble  in  an  acidic  .solution.  The  silver 
nitrate  suppresses  the  zinc  reaction  so  the  tel¬ 


lurium  reaction  proceeds  more  rapidly  [11].  This 
causes  a  rectanglar  shaped  pit  to  formed  on  the 
(001)  surface  with  the  short  sides  along  the  Te 
[111)  planes  and  the  long  sides  along  the  Zn  { 1 1 1 } 
planes.  Thus  by  noting  the  orientation  of  the  etch 
pits  with  relation  to  hillock's  orientation,  we  ob¬ 
served  that  the  [111]  planes  emanating  from  the 
substrate  interface  are  parallel  to  the  Te  planes 
as  defined  by  the  etch  pits. 

One  possible  reason  why  the  Zn  [111)  twin 
planes  preferentially  form  at  the  superlattice  is 
because  the  nitrogen  dopant  forms  a  stable  state 
with  one  broken  Zn  bond.  This  broken  bond  and 
the  strain  due  to  the  short  nitrogen  radius  acts  to 
form  dislocations  along  the  Zn  [111)  planes.  For 
the  Te  [111]  fault  planes,  their  origin  is  even 
more  difficult  to  deduce  since  there  is  such  a  high 
concentration  of  defects  near  the  substrate  inter¬ 
face.  Perhaps  stochiometry  problems  during  ini¬ 
tial  growth  could  lead  to  local  Te-rich  conditions 
which  arc  known  to  cause  hillock  formation  [12]. 


Fig.  5.  (atTFM  cniss-scction  of  ZnTc :  N  cpilaycr  grown  on  OaSh  substrate.  <b)  URTCM  of  Z.nTc/fia.Sb  interface. 
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4.  Growth  results:  GaSb  substrate 

After  a  1400  A  buffer  of  GaSb  was  grown  on 
the  GaSb  substrates,  the  sample  was  transferred 
to  a  II-VI  MBE  chamber  through  a  UHV  trans¬ 
fer  tube  where  a  buffer  layer  of  ZnTe  was  then 
grown.  The  first  several  atomic  layers  were  usu¬ 
ally  grown  at  lower  substrate  temperatures 
(270°C)  than  the  rest  of  the  growth  (300“C)  in 
order  to  reduce  interface  reactions  and  substrate 
ion  diffusion. 

The  cross-sectional  TEM  of  a  sample  with  a 
ZnTe:N  epilayer  continuously  doped  to  10’** 
cm”’  in  Fig.  4a  shows  a  sharp  reduction  in  dislo¬ 
cation  density  in  this  layer.  The  X-ray  rocking 
curves  now  show  that  the  epilayer  is  partially 
strained  to  the  substrate.  As  seen  from  high  reso¬ 
lution  TEM  of  the  GaSb/ZnTe  interface  in  Fig. 
4b.  there  is  a  visible  region  where  interface  reac¬ 
tions  has  occurred.  Lxrmar  and  60°  dislocations  at 
the  interface  along  with  loop  dislocations  are  also 
visible.  However,  we  do  not  observe  their  propa¬ 
gation  through  the  doped  epilayer  nor  do  wc  sec 
significant  dislocation  generation  in  the  this  layer. 
The  surface  morphology  shown  in  Fig.  5  further 
illustrates  the  epilayer  crystal  quality.  The  RMS 
roughness  of  the  surface  has  now  been  reduced 
to  1.7  nm  without  hillock  formation.  There  does 
appear  to  be  small  precipatates  on  the  surface 
with  a  maximum  height  of  10  nm.  These  are  not 
the  result  of  dislocations  propagating  in  the  epi- 
laycr  as  confirmed  by  TEM  and  may  be  substrate 
precipatates  or  Te  pooling. 


5.  Summary 

In  conclusion,  we  have  found  that  substrate 
selection  is  critical  to  growing  high  quality  pseu- 
doepitaxial  layers  of  ZnTe :  N.  Prepared  ZnTe 
substrates,  although  similiar  in  morphology  and 
roughness  to  GaSb  substrates,  yields  inferior  epi- 
layers  of  both  continuously  grown  ZnTe :  N  and 


ZnTe.N/ZnTe  superlattices.  Hillocks,  on  the 
ZnTe  substrates  with  superlattice  doping  layers, 
are  the  result  of  Te  {111}  fault  planes  originating 
at  the  substrate  interface  and  Zn  (1 1 1}  twin  planes 
originating  at  the  superlattice  interface.  The  dis¬ 
location  density  in  the  epilayers  grown  on  GaSb 
were  reduced  by  a  factor  of  10-100  with  no 
hillock  growth  but  evidence  of  precipitates  on  the 
surface. 
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Abstract 

CdTc  is  one  of  the  most  encouraging  semiconductor  materials  in  the  field  of  room  temperature  y-  and  X-ray 
speetroseopy.  To  improve  the  detector  properties,  the  ternary  systems  (Cd.Zn)Tc  and  Cd(Te.Se),  and  CdTc  were 
grown  by  vertical  Bridgman  technique.  To  achieve  low  noise  detectors,  the  resistivity  of  ail  materials  was  increased 
by  chlorine  doping.  The  crystals  were  characterized  by  electrical  (Hall  measurement!;,  photoinduced  current 
transient  spectroscopy)  methods.  The  numbers  of  deep  levels  influencing  the  resistivity  were  reduced  by  introducing 
Se  into  the  CdTe  system.  A  common  deep  level  close  to  the  middle  of  the  bandgap  has  been  identified,  responsible 
for  the  compensation  effect  in  all  three  systems.  In  addition  high  resistivity  and  n-type  conductivity  were  achieved  in 
CdTcSc  materials  for  the  first  time.  Detectors  were  tested  by  irradiation  with  a  particles  and  low  y-rays.  Be.st  charge 
collection  efficiency  (CCE)  of  91%  was  recorded  for  CdTc„.,Se„  ,  for  both  radiation  types  and  smallest  FWHM  of 
about  10%  at  60  keV. 


1.  Introduction 

The  use  of  semiconductor  material  as  a  radia- 
tion  detector  at  room  temperature  requires  a 
high  resistivity  to  reduce  noise  by  the  low  dark 
current,  a  high  mobility-lifetime  /it  product  and 
a  high  atomic  weight  to  increase  the  energy  ab¬ 
sorption.  In  the  literature  [I -.3],  GaAs,  CdTe  and 
Hgl,  are  described  as  semiconductors  with  good 
detector  performance. 


*  Corresponding  author. 


CdTe  is  the  most  frequently  used  semiconduc¬ 
tor  material  presently  used  for  room  temperature 
y-  and  X-ray  detectors.  It  is  suitable  for  low 
energy  X-rays  and  for  high  y-rays,  for  radiation 
monitoring  in  nuclear  medicine,  and  in  industrial 
fields  [4,5).  The  high  resistivity  is  achieved  by  the 
compensation  of  shallow  levels  [6].  The  compen¬ 
sation  effects  arc  produced  by  doping;  the  best 
combination  of  high  resistivity  and  a  very  high  /it 
product  was  obtained  by  chlorine  doping  [7]. 

Ternary  crystals  of  Cd„4Zn|,  ,Te  and  CdTe„y 
Se„ ,  were  grown  by  the  vertical  Bridgman  tech¬ 
nique  to  optimize  the  detector  properties  and  to 
produce  homogeneous  material.  The  crystals  were 
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chlorine  doped  to  study  the  compensation  mecha¬ 
nism  and  to  achieve  high-resistivity  material.  To 
compare  the  ternary  systems  with  CdTe,  it  was 
grown  under  the  same  conditions.  The  electrical 
properties  like  resistivity  and  mobility  were  ana¬ 
lyzed  with  Hall  measurements.  Compensation  de¬ 
fects,  scattering  mechanisms  and  deep  levels  are 
identified  by  temperature-dependent  Hall  mea¬ 
surements  and  photoinduced  current  transient 
spectroscopy  (PICTS).  The  mobility-lifetime 
product  /XT  is  based  on  the  recorded  a  spectra 
and  expressed  by  the  following  relation  [8]: 


17  = 


1  -  exp 


(1) 


where  77  is  CCE,  Q  is  detected  charge,  is 
charge  induced  by  a  particles,  E  is  electrical 
field  and  d  is  detector  thickness.  The  detector 
performance  is  investigated  by  y-ray  (^^Co,  122 
keV  and  ’■‘'Am,  59.6  keV). 


2.  Crystal  growth 

All  materials  were  grown  according  to  the  ver¬ 
tical  Bridgman  technique.  The  materials  were 
synthesized  from  the  elements  Cd  and  Te  (7N 
purity)  and  Zn  or  Se  (6N  purity),  all  from  Nippon 
Mining.  The  material  was  doped  with  chlorine 
gas  with  a  concentration  of  2  X  1()'‘‘  cm  ■’  during 
the  synthesis  to  obtain  high-resistivity  material. 
The  synthesis  and  the  crystal  growth  were  per¬ 
formed  in  the  same  scaled  quartz  glass  ampoule. 
The  ampoule  was  initially  heated  up  at  a  rate  of 


25°C/h  up  to  1120°C,  and  after  a  homogenization 
time  of  6  h  the  ampoule  was  pulled  at  a  rate  of  2 
mm/h  (24  mm/day).  Afterwards  the  ampoule 
was  cooled  down  at  a  rate  of  20‘’C /h. 


3.  Resistivity  and  mobility  of  charge  carriers 

The  high  resistivity,  the  mobility  and  the  car¬ 
rier  concentration  were  determined  by  Hall  mea¬ 
surements.  Samples  of  the  ternary  crystals  were 
selected  to  characterize  different  stages  of  the 
crystal  growth.  The  rc.sults  are  listed  in  Table  1. 
Ohmic  contacts  were  produced  by  evaporated 
metal  layers  of  gold  and  indium  and  by  chemical 
deposition  of  gold.  A  resistivity  of  about  10'"  fl 
em  was  obtained  for  CdTeiiySe,, ,.  Comparing  it 
with  chlorine-doped  CdTe,  this  represents  an  in¬ 
crease  in  resistivity  of  about  one  decade. 

CdTe  and  Cd|,„Zn(,  |Te  showed  p-type  behav 
ior  with  mobilities  up  to  80  em’/V  •  s  at  300  K. 
High  resistivity  and  n-type  conductivity  were 
achieved  in  CdTcDySem  materials  for  the  first 
time  using  chlorine  doping.  p-Type  conductivity 
and  the  low  mobility  arc  typical  for  chlorine- 
doped  CdTe. 

Generally,  the  ternary  crystals  showed  a  higher 
homogeneity  in  the  electrical  properties  com¬ 
pared  to  CdTe.  The  variation  was  less  than  20% 
in  the  axial  growth  direction  and  less  than  10%  in 
radial  direction,  whereas  the  variation  in  CdTe 
was  more  than  25%  and  20%,  respectively. 

To  study  the  dependence  of  high  resistivity  on 
the  doping  process,  correlated  energy  levels  were 


l  abk'  I 

E-loctric  il  propcrdcs  of  CdTe,  Cd,,,,Zn„,Te  and  CdTc„.»Se„,  from  Hall  measurements 


Material 

Carrier  type 

Stage 
i)f  growth 

Re^i^livily■  /> 
t/i  em) 

Mobility  fi 
(em'/V  ■  s) 

Carrier 
concentration 
(cm  M 

(  dTc 

p-type 

1.0  X  lO" 

xo.o 

7.x  X  10’ 

C  d  I  c,,  i»Se,p  1 

n-lype 

Beginning 

6.0  X  10'' 

470.0 

2.1  X  lO" 

Middle 

7.4  X  10" 

5,50.0 

1.5  X  lO" 

I'ind 

.5.2  X  10" 

300.0 

3.0  X  10" 

(■d„„Zn„  I'lf 

p-lypc 

Beginning 

3.«  X  lO" 

62.0 

2.6  X  lO" 

Middle 

5.0  X  10" 

64.0 

2.0  X  10" 

find 

5.6  X  10“ 

64.0 

1.0  X  10'' 

F.  Fiederle  el  ai  /Journal  of  Crystal  Growth  138  ( 19^4)  529‘~533 


531 


1/T[K'] 

Fig.  I.  Temperature  dependent  Hall  measurements  of 
CTdogZrio  jTe  and  C,dTe{i<jSe(i 


characterized.  The  compensation  of  the  shallow 
levels  is  caused  by  a  donor  close  to  the  middle  of 
the  bandgap.  Following  the  principle  of  a  three- 
level  compensation  proposed  by  Johnson  et  al. 
[9].  the  carrier  concentration  can  be  described  as: 


n  = 


-  /Vn 


N^g  exp 


where  E,,,,  is  the  location  of  the  deep  donor 
measured  from  is  the  concentration  of 


deep  donor  levels,  is  the  concentration  of 
acceptor  levels,  is  the  concentration  of  donor 
levels,  N(-  is  the  density  of  states  of  the  conduc¬ 
tion  band  and  g  presents  the  degeneracy  factor. 

Nf-  is  also  temperature  dependent  with 
"  /"  Vz  [9]  Therefore,  the  energy  level  of  the 
deep  donor  is  calculated  from  the  slope  of  a 
Inf n 7" versus  l/T  plot  (Fig.  1).  Temperature 
dependent  measurements  of  Cd,,yZn„,Te  and 
CdTe,mSe|,  |  were  carried  out  in  a  temperature 
range  of  265  to  340  K. 

It  should  be  pointed  out  that  the  same  energy 
level  was  measured  for  both  materials.  This  com¬ 
mon  deep  level  =  0.67  eV)  proves  to  be  a 

similar  compensation  defect  in  the  ternary  sys¬ 
tems. 

The  temperature-dependent  Hall  measure¬ 
ments  demonstrate  that  the  charge  carrier  con¬ 
centration  is  dominated  by  one  deep  level.  Fur¬ 
ther  experiments  are  necessary  to  investigate  their 
influence  on  the  detector  properties. 


4.  Characterization  of  deep  levels 

The  energy  level  of  the  A-center  [10]  and 
further  deep  levels  could  be  detected  by  PICTS 
(photoinduced  current  transient  spectroscopy) 
measurements  within  a  temperature  range  of  70 
to  .340  K.  Fig.  2  shows  the  PICT')  signal  of  CdTe, 
Cd|,gZn„  |Te  and  CdTenySe,, ,.  Corresponding 


Table  2 

Energy  levels  of  CdTe.  (  diiyZri,  fPe  and  CdTe,|,,Se,, ,  calculated  from  PKTS  measurements 


Assignation 

CdTe 

Cd„,,Zn„  |Te 

CdTe|,„Se| 

1 1 

Energy 

(eV) 

C  ross  section 
(cm’) 

Energy 

(eV) 

C'ross  section 
(cm" ) 

EnerKV 

(eV) 

Cross  section 

Icm' ) 

V<\,  ^CI,, 

-(MIh 

10 

-  0.07 

10 

-O.Of) 

10 

7.n  related 

+  1».I0 

10  ' 

V)-a  Cl  7. 

+  11.17 

10 

+  0.12 

10  ' 

+  0.1,7 

10 

Unknown  •' 

+  0.21 

10  '■* 

Unknown  ' 

+  (1.23 

10 

+  0.2.7 

10 

Au.  Al 

+  0.2S 

10  » 

Cd,.  In.  V,,. 

+  O..Tt 

10  '' 

+  0..t2 

10  ” 

Cii(  ,1 

+  0.,t7 

10  ’’ 

V,,, 

+  (l.4.t 

10 

+  0..W 

10  ^ 

+  0..77 

10 

Cd:  ■ 

+  0..S4 

10  "> 

+  0..S4 

10 

Unknown  ' 

+  0.77 

10  '* 

+  0.7,7 

10  " 

+  asi 

10  " 

a  Unknown  levels. 
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energy  levels  (Table  2)  were  calculated  trom  the 
temperature  dependent  PICTS  signal  in  an  Ar¬ 
rhenius  plot  [11].  The  identifications  are  taken  by 
known  deep  levels  of  CdTe,  published  in  Ref. 
[12]. 

All  samples  showed  the  same  four  levels: 

-  the  A-center  Cl|^.  between  0.12  eV  and 
0.17  eV: 

-  the  -20  ;^,  at  -0.06  eV; 

-  the  cadmium  vacancy  at  0.43  eV; 

-  one  level  close  to  the  middle  of  the  bandgap  at 
0.77  eV. 

Another  level  was  detected  in  tdTe,|^Se„,. 
However,  in  contrast  to  CdTe.  additional  impuri¬ 
ties  such  as  gold  or  indium  could  not  be  found 
and  this  indicates  a  much  higher  crystal  quality 
and  purity  of  the  ternary  material. 

Cd|igZn,|  |Te  shows  a  different  type  of  behav¬ 
ior  caused  by  additional  deep  levels;  one  zinc-re¬ 
lated  level  at  0.31  eV  and  one  cadmium  intersti¬ 
tial  at  0,41  eV. 

The  difference  in  the  activation  energies  ob¬ 
tained  using  PICTS  of  0.77  eV  and  by  Hall  mea¬ 
surements  of  0.67  cV  are  to  be  explained  by  the 
different  activation  methods.  PICTS  measures  a 
transient  process  emptying  the  conduction  band, 
whereas  the  Hall  effect  requires  a  stationary  cur¬ 
rent.  Therefore,  the  compensation  of  defects  in 
all  three  systems  can  be  explained  by  one  com¬ 
mon  deep  level  close  tr)  the  middle  of  the 


I  1^:  1  I’K  I  S  spiclr.i  nl  (  il ! V.  (  ,  1 1;  ;iikI  (  d  ri„„SC|, , 
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Fig.  y.  «  spectra  (’^'Am  .S.6  MeV)  of  C  dTe.  C  d||„Zn|,  |Te  and 
C  d  re,mSe„ 


bandgap.  Further  identification  of  the  common 
deep  level  has  not  been  possible  nee  both  meth¬ 
ods  only  describe  the  energy  levels.  Recent  re¬ 
sults  show  that  it  is  probably  not  the  cadmium 
vacancy,  but  another  intrinsic  defect,  like  Tcc,, 
[13], 


S.  fir  product  and  detector  performance 

The  detector  performances  of  all  samples  svere 
tested  using  «-radiation  (’■''Am)  and  y-radiation 
(■■"Am.  “^’Co),  The  a  spectra  are  presented  in 
Fig.  3.  CdTe  and  CdTep.iSe,, ,  show  nearly  the 
same  charge  collection  efficiency  (CCE)  of  about 
85-91 T.  It  could  be  increased  by  substituting  Te 
with  Se.  whereas  the  substitution  of  Cd  with  Zn 
decreases  the  CCE  to  35'^r .  This  is  emphasized  by 
the  product  calculated  according  to  relation 
(1).  The  resulting  values  for  the  electrons  are 
3.9  X  10  ■*.  4.2  X  10  ■•  and  2.5  x  10  emyV  for 
CdTe,  CdTen.iSe,,  I  and  Cdn^Zn,,  ,Te  respec¬ 
tively. 

Together  with  the  results  from  electrical  char¬ 
acterization,  the  good  CCE  of  <»  particles  of 
CdTe,|.,Se,i ,  were  complemented  by  the  detector 
performance  for  low  y-rays,  where  the  same  CCE 
«)f  about  91 T  and  a  FWHM  of  about  10'"^  were 
achieved.  The  spectra  of  ’'"Am  (59,6  keV)  are 
presented  for  CdTe  and  CdTe,|„Se,, ,  in  Fig.  4. 
I'his  means  an  increase  of  6'^;  compared  to  CdTe. 
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Energy  [keV] 

Fig.  4.  y  spectra  (■'"Am.  keV)  of  C'dTe  (bias  .4(10  V. 
thickness  1,54  mm)  and  CdTe||gSe,i|  (bias  1.50  V.  thickness 
1..44  mm).  The  C'CEs  were  X5^r  (.50.4  keV)  and  OKJ  (.M.O 
keV). 

As  was  expected  from  the  a  spectrum  and  the 
electrical  propcrtie.s,  the  -y-rays  could  not  be  de¬ 
tected  using  Cd,|.,Zn,|  |Te. 

6.  Conclusion 

The  detector  performance  of  CdTe  could  be 
improved  by  the  partial  substitution  of  Te  with 
Se.  The  same  compensation  defects  were  identi¬ 
fied  by  different  methods  in  the  three  materials. 
Although  the  presence  of  a  common  compensa¬ 
tion  mechanism  is  proposed,  Cd|,.,Zn„,Te  shows 
detectors  with  lower  efficiencies  compared  to 
C'd(Te,Se).  Generally,  the  hom(4geneity  of  the 
electrical  properties  was  increased  in  the  ternaiy 


systems.  At  the  same  time  the  number  of  deep 
levels  was  only  reduced  in  CdTepySe,! ,.  For  the 
first  time  n-type  conductivity  and  high  resistivity 
CdTe,|,,Se|,  I  was  achieved  for  CdTeSe  by  chlo¬ 
rine  doping. 

It  will  be  the  aim  of  our  future  work  to  im¬ 
prove  the  ternary  system  CdTe,Se,_,  in  order  to 
minimize  the  deep  level  concentration  and  to 
maximize  the  resistivity.  The  next  step  will  be  the 
identification  of  the  common  deep  level  and  its 
correlation  to  a  compensation  mechanism. 
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Abstract 

The  structural  properties  of  ZnSe-ZnS  strained-layer  supcriattices  (SLSs)  grown  on  (iaAs  ( 100)  by  atmospheric- 
pressure  metalorganic  chemical  vapor  deposition  (AP-MOCVD)  were  studied  using  high-resolution  transmission 
electron  microscopy  (HRTEM).  The  type  and  distribution  of  the  defects  in  ZnSe-ZnS  SLS  are  related  to  the  surface 
quality  of  GaAs  substrate,  of  the  buffer  layer  and  the  thickness  of  each  layer  for  ZnSe  and  ZnS  in  SLS.  In  this  work 
we  noticed  that  there  are  stacking  faults  (SFs).  mismatch  tiefects  (MDs)  and  microtwins  (MTs)  in  ZnSe,  ,S,  buffer 
layer  at  interfaciai  steps  due  to  the  GaAs  surface  not  being  smooth,  and  the  dislocation  can  penetrate  the  ZnSe-ZnS 
SLS  layer. 


I.  Introduction 

In  recent  years  there  have  been  important 
developments  in  the  p-type  doping  of  ZnSe  by 
atomic  nitrogen  using  a  ratio  frequency  (RF) 
plasma  technique  [1],  and  device  quality  p-n 
junctions  have  been  improved.  So  the  study  on 
the  type  and  distribution  of  the  defects  in  ZnSe 
and  ZnSe-ZnS  on  GaAs  is  more  significant. 
Matthews  and  Blakeslee  made  a  detailed  study  of 
the  theory  and  experiments  on  relief  and  tbrma- 
tion  of  dislocations  in  superlattices  [2.3).  Other 
authors  investigated  the  different  types  of  defects 
which  react  with  each  other,  and  their  propaga¬ 
tion  factors  [4,5],  Compared  to  the  III-V  com¬ 
pound  supcriattices,  the  defect  density  is  higher 


•  (  orrespunding  Hulhiir. 


and  has  a  poor  surface  in  11- VI  compound  Sl.S. 
This  is  due  to  the  higher  mismatch  in  heteroepi¬ 
taxy  between  GaAs  substrate  and  ZnSe,  ,S, 
buffer  layer,  buffer  layer  and  SLS  layer.  Ponce  et 
al.  [b]  have  studied  the  defect  structure  of  ZnSe 
epilayers  and  of  their  interface  with  the  GaAs 
substrate  in  the  (100)  and  (III)  orientation  us¬ 
ing  HRTFM.  They  obseived  that  on  GaAs  (100) 
there  was  a  large  density  of  faulted  loops  and  on 
GaAs  (111)  were  microtwins  and  stacking  faults 
parallel  to  the  film-substrate  interface.  In  this 
paper  it  is  noticed  that  there  are  stacking  faults 
(SFs).  mismatch  defects  (MDs)  and  microtwins 
(MTs)  at  the  intcr-faeial  steps  of  ZnSe,  ,S, 
buffer  layer  due  to  the  GaAs  surface  not  being 
smooth,  and  enough  dislocations  can  run  through 
the  SLS  layer.  In  the  ZnSe-ZnS  SLS  layer,  the 
mismatch  defects  are  mostly  concentrated  in  the 
ZnS  layer  and  they  begin  or  end  at  the  ZnSe /ZnS 
interface. 
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Fig.  1.  Crystalline  defects  in  interface  of  ZnSeS  buffer  layer  and  GaAs  substrate. 


2.  Experimental  procedure 

The  apparatus  used  for  the  growth  of  ZnSe- 
ZnS  SLSs  was  a  horizontal  atmospheric  pressure 
reactor  heated  by  an  RF  coil.  The  substrates 
were  heated  at  about  600°C  under  a  hydrogen 
flow  a  prior  to  growth,  for  elimination  of  the 
surface  oxide  layer.  Then  they  were  cooled  to  the 
desired  growth  temperature.  Dimethylzinc 
(DMZ).  H^Se  and  HiS  were  used  as  the  source 
materials  for  Zn.  Se  and  S.  respectively.  The 
substrate  temperatures  were  varied  between  280 
and  5()()°C  to  optimize  the  growth  condition.  For 
ZnSe,.. ,S,  (,v<().3)  buffer  layer,  the  growth 
temperatures  were  varied  between  280  and  3f>0°C. 
and  for  ZnS  buffer  layer,  the  growth  temperature 
was  ?()(rc.  After  the  buffer  layer  was  grown,  the 
growth  temperatures  of  ZnSe-ZnS  SLSs  were 
about  400°C'.  The  samples  were  thinned  for  elec¬ 
tron  transparency  by  mechanical  thinning  and 
argon-ion  milling  techniques.  The  thinned  speci¬ 
mens  were  examined  routinely  by  HRTEM  using 
JFOL  2000FX  II  (point-to-point  resolution,  0.21 
nm.  C\  =  0.7  mm.  2(K)  kV). 


3.  Results  and  discussion 

.1.1.  TKM  imanes  helween  GaAs  substrate  and 
buffer  layer 

It  is  noticed  that  in  ZnSeS  buffer  layer  there 
arc  stacking  faults  (SFs),  mismatch  defects  (MDs) 


and  microtwins  (MTs)  in  interfacial  steps  due  to 
the  GaAs  surface  not  being  smooth.  In  Fig.  la 
the  arrow  indicates  the  interfacial  steps  of  the 
GaAs  substrate,  and  the  extrinsic  stacking  faults 
and  surplus  half-atomic  surface  of  threading  dis¬ 
locations  are  also  observed  in  this  figure.  Fig.  lb 
shows  the  microtwins  which  present  a  con¬ 
founded  arrangement  at  the  interface.  It  can  be 
considered  that  the  nearby  surface  steps  induce 
stacking  faults  and  merge  into  a  microtwin.  Fig.  2 
shows  the  procedure  of  intcrfacial  steps  inducing 
stacking  faults.  In  the  discontinuity  at  the  surface 
of  the  GaAs  interfacial  step,  the  misfit  atomic 
surface  of  ZnSeS  cannot  join  together  with  that 
of  the  GaAs  steps,  so  it  appears  as  a  surplus 
half-atomic  surface  and  slide  ,',(11-)  stacking 
faults  are  formed.  In  a  smooth  GaAs  substrate, 
the  mismatch  defects  are  also  obseived  in  the 


Fig.  2.  GaAs  substrate  interface  steps  induce  the  faults. 
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Fig.  3.  Misfit  dislocation  in  ZnS  buffer  layer  near  the  GaAs 
substrate. 


large  mismatch  ZnS/GaAs  interface,  as  seen  in 
Fig.  3.  From  this  figure  the  critical  thickness 

<  2  nm  was  observed,  which  is  in  agreement 
with  the  calculated  results  [7],  Fig.  3  shows  an 
interesting  result;  we  do  not  know  why  a  mis¬ 
match  defect  appears  in  a  ZnS  layer  after  16 
atomic  layers  for  ZnS/GaAs  structure. 

3.2.  TEM  images  of  ZnSe-ZnS  SLSs 

As  the  substrate  is  not  smooth,  the  SLS  layer 
of  ZnSe-ZnS  is  undulated  near  the  buffer  layer 
side  until  SLS  layer  thickness  d  >  5(M)  nm  shown 
in  Fig.  4.  It  leads  to  the  disparity  of  optical 


Fig.  .S.  Mismiilch  defects  in  ZnS  layer. 
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Fig.  6.  Uniform  interface  of  ZnSe-ZnS  SLS. 


properties  for  the  ZnSe-ZnS  SLS  samples  at 
different  sites.  Fig.  5  shows  the  mismatch  defects 
almost  concentrated  in  the  ZnS  layer;  they  begin 
or  end  at  the  ZnSe/ZnS  interface.  It  is  consid¬ 
ered  that  the  ZnS  layer  has  a  larger  strain  than 
the  ZnSe  layer  in  the  ZnSe-ZnS/GaAs  struc¬ 
ture.  This  feature  is  favourable  to  obtain  exci- 
tonic  properties  of  ZnSe-ZnS  SLS.  In  Fig.  6  it  is 
observed  that  high-quality  ZnSe-ZnS  SLS  struc¬ 
tures  without  any  mismatch  defect  and  disloca¬ 
tion  were  also  obtained.  From  TEM  images,  the 
interface  images  are  indistinct.  This  means  that 
there  is  interdiffusion  between  ZnSe  and  ZnS 
layers  grown  by  AP-MOCVD. 


4.  Conclusion 

(1)  The  superlattice  quality  is  intensely  depen¬ 
dent  on  the  substrate  surface  and  buffer  layer 
surface.  The  superlattices  on  a  smooth  buffer 
layer  have  a  good  quality  and  on  a  poor  buffer 
layer  they  have  more  defects. 


(2)  The  critical  layer  thickness  of  ZnS  epilayer 
grown  on  smooth  GaAs  substrates  ih^  <  2  nm)  is 
in  agreement  with  the  theory. 

(3)  The  mismatch  defects  are  found  to  be  con¬ 
centrated  in  the  ZnS  layers. 

(4)  In  atmospheric  pressure  growth,  on  the 
interface  of  ZnSe  and  ZnS  layers  there  exists 
some  interdiffused  layer  that  makes  the  interface 
lattice  image  vague  and  indistinct. 


5.  Acknowledgements 

This  work  was  supported  by  the  Fligh  Technol¬ 
ogy  Program  in  China,  and  the  Great  National 
Natural  Science  Foundation  of  China.  The  Pro¬ 
ject  was  supported  by  the  Laboratory  of  Excited 
State  Processes,  Changchun  Institute  of  Physics. 
Chinese  Academy  of  Sciences. 


6.  References 

(1)  R.M.  Park.  M.B.  Trofer.  CM.  Rouleau.  J.M.  DePuydt  and 
M.A.  Haase.  Appl.  Phys.  Leu.  .S7  (19W)  2127. 

(2)  J.W.  Matthews  and  A.E.  Blakeslee.  J.  Crystal  Growth  27 
(1974)  IIS. 

l.t)  J.W.  Matthews  and  A.E.  Blakeslee.  J.  Crystal  Growth  29 
(I97.S)  27.7. 

14]  D.  Cherns.  P.D.  Greene.  A.  Hainsworth  and  A.R.  Preston, 
in:  Microscopy  of  Semiconducting  Materials  19S7.  Inst. 
Phys.  Conf.  Ser.  K7.  Eds.  A.G.  Cullis  and  P.D.  Augustus 
(Inst.  Phys..  Bri.stol.  I9S7)  p.  S.7. 

l-S]  D.J.  Eaglesham.  D  M.  Maher.  H.L.  Fraser.  C.J.  Humpheys 
and  J.C.  Bean.  Appl.  Phys.  Lett.  .S4  (I9S9)  222 

Ih)  F  A.  Ponce.  W.  Stutius  and  J.G.  Werthen.  Thin  Solid 
Films  104  (I9S.7)  17,7 

(7|  R.  People  and  J.C.  Bean,  Appl.  Phys.  Lett.  47  (198.“')  722 


CRYSTAL 

GROWTH 


HLSH\  It-R  Journal  of  Crystal  Growth  I3S  ( 1994)  53S-544 


Transmission  electron  microscopy  investigations  of  II-VI/GaAs 

heterostructures 

P.D.  Brown  *  ",  Y.Y.  Loginov  J.T.  Mullins  K.  Durose  A.W.  Brinkman 

C.J.  Humphreys  " 

■'  Oepartmt’iu  t'f  Materials  Setenee  ami  Metalliirfty,  Unieersity  of  Cambridge,  Pembroke  Street.  Cambridite  CB2  SQZ.  i'K 
^  Department  of  Physie.y  Kra.otoyarsk  Slate  Vmeersity.  Seohttdnii  Pr..  bbll  062  Krasnoyarsk.  Russian  Federation 
'  Department  of  Physies.  Heriot-H'ati  Uniiersity.  F.dinbttryb  EH14  4/f.V,  UK 
Department  of  Physies.  Unieersity  of  Durham,  South  Road.  Durham  DHl  .11. E.  UK 


Abstract 

Deled  microstructures  within  heteroepitaxial  layers  may  be  categorized  according  to  whether  they  arise  due  to 
problems  at  the  epilayer/ substrate  interface,  are  introduced  during  growth  itself  or  are  due  to  some  inherent 
materials  problem  Examples  taken  from  II-VI/GaAs  systems  showing  interface  reaction,  lattice  relaxation,  banding 
due  to  compositional  variations  at  the  growth  front  and  dimorphism  are  described. 


1.  Introduction 

The  eventual  aim  of  any  heteroepitaxial  growth 
programme  is  to  produce  device  quality  material, 
but  dcvciopmei  t  is  often  hindered  by  microstruc- 
tural  defects,  and  hence  there  is  a  need  to  under¬ 
stand  the  nature  of  semiconductor  hetcrostruc- 
ture  interfaces  tnd  multiple  quantum  wells,  par¬ 
ticularly  with  r.  gard  to  threading  and  intcrfacial 
defects  and  interface  chemistry.  With  regard  to 
II-Vl/GaAs  betcroepitaxy,  it  is  worth  noting 
that  II-VI  compounds  have  low  stacking  fault 
energies  and  hence  are  highly  susceptible  to  pla¬ 
nar  defect  formation,  as  compared  with  lll-V 
compounds,  giving  rise  to  a  wide  range  of  mi¬ 
crostructures  which  need  to  be  characterized  in 
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order  to  identify  effective  measures  for  their  re¬ 
duction  or  elimination. 

The  reasons  for  defect  introduction  fit  into 
three  broad  categories,  irrespective  of  the  mode 
of  growth,  i.e.  (i)  nucleation  at  epilayer/ substrate 
interfaces  due  to  problems  arising  from  residual 
substrate  surface  damage,  incomplete  oxide  des¬ 
orption.  or  interfacial  reaction/ interdiffusion;  (ii) 
processes  occurring  during  growth  which  may  be 
(a)  inherent  to  the  materials  system  such  as  twin¬ 
ning,  ordering  or  dimorphism,  or  (b)  due  to  lat¬ 
tice  relaxation,  growth  front  roughening,  or  alter¬ 
natively  may  be  related  to  problems  such  as  source 
purity,  or  indeed  the  mode  of  growth;  e.g.  the 
interdiffused  multilayer  process  (IMP)  as  com¬ 
pared  with  direct  alloy  growth  (DAG)  for  ternary 
alloy  deposition;  (iii)  problems  post  growth  such 
as  strain  relaxation  during  cool  down  or  post 
growth  processing  (such  problems  are  common  in 
SiGe  technology,  but  will  not  be  considered  here). 
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The  purpose  of  this  paper  is  to  make  distinction 
between  these  different  aspects  of  microstruc- 
tural  defect  formation  with  regard  to  11- 
Vl/GaAs  heterostructures  grown  by  metalor- 
ganic  vapour  phase  epitaxy  (MOVPE)  and  low 
pressure  MOVPE,  to  illustrate  the  range  of  infor¬ 
mation  which  may  be  obtained  using  conventional 
and  high  resolution  electron  microscopy,  and  to 
emphasise  some  of  the  limiting  problems  for  II- 
VI  heteroepitaxy. 

In  this  context  it  is  instructive  to  briefly  distin¬ 
guish  between  large  lattice  mismatched  and  al¬ 
most  lattice  matched  epitaxy.  During  almost  lat¬ 
tice  matched  epitaxy,  for  which  the  misfit  is  typi¬ 
cally  <  2%,  growth  proceeds  with  the  initial  for¬ 
mation  of  a  pseudomorphic  layer  which  under¬ 
goes  relaxation  as  it  exceeds  some  critical  thick¬ 
ness  with  the  epilayer  strain  being  accommodated 
by  an  array  of  interfacial  dislocations.  The  source 
of  these  may  be  threading  dislocations  in  the 
substrate  or  surface  sources  for  example.  It  is 
noted  that  there  is  still  much  debate  as  to  the 
source  of  defects  within  highly  pure  epilayers 
grown  on  almost  defect  free  sub.strates  [1],  but 
11-Vl/GaAs  technology  for  the  moment  seems 
not  to  be  short  of  defect  sources.  Large  lattice 
mismatched  systems  ( >  29f  misfit)  are  charac¬ 
terised  by  large  epilayer  threading  dislocation 


contents,  and  since  predicted  critical  thicknesses 
are  only  of  the  order  of  2-3  atomic  layers,  and 
depending  on  how  the  epilayer  wets  the  substrate 
which  in  turn  depends  on  surface  energies,  it 
becomes  preferable  to  think  in  terms  of  3D  growth 
followed  by  island  coalescence,  leading  to  the 
formation  of  short  misfit  segments  each  termi¬ 
nated  by  2  threading  dislocations  which  in  turn 
may  interact  and  annihilate  with  other  threading 
dislocations  as  they  propagate  through  the  epi¬ 
layer. 


2.  Experimental  procedure 

Samples  from  the  (Hg,Cd,Zn)Te  system  were 
grown  by  atmospheric  pressure  MOVPE  using 
dimethyl-cadmium,  dimethyl-zinc,  diethyl-tel¬ 
lurium  (at  395°C)  or  di-isopropyl-tellurium  (at 
325°C)  and  elemental  mercury.  (Hg,Zn)Te  was 
deposited  at  395°C  onto  (OODGaAs  using  the 
IMP  [2],  and  also  deposited  a^  325°C  onto  ZnTe 
buffer  layers  on  (001)  and  {lll)B  oriented  GaAs 
substrates.  (Cd,Zn)Te  was  grown  at  =  4(X)°C  by 
DAG.  Samples  from  the  (Cd,Zn)S  system  were 
grown  by  low  pressure  MOVPE  using  dimethyl- 
cadmium.  dimcthyl-zinc  and  H,S  as  previously 
described  [3].  During  CdS  II  (Cd,Zn)S  and 
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Fig.  1.  High  resolution  micrograph  of  Hg||,Zn|,  7Te/(001)GaAs  showing  interface  structure. 
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(Cd,Zn)S  II  ZnS  superlattice  growth,  nominally 
Cd„  ,Zn„  7S  was  initially  deposited  onto  the  GaAs 
substrate  by  DAG.  The  attraction  of  the 
CdS  ||(Cd.Zn)S  system  is  that  it  may  be  lattice 
matched  to  GaAs,  but  the  higher  Cd  content  as 
compared  with  the  (Cd,Zn)S  ||ZnS  system  is  con¬ 
sidered  to  be  deleterious  to  the  epilayer  struc¬ 
tural  quality  [4],  Samples  were  cross-sectioned 
using  conventional  techniques,  with  iodine  reac¬ 
tive  ion  sputtering  being  used  for  the  final  stage 
of  sample  preparation,  and  examined  using  JEOL 
4()(K)FX,  4()()0EX  II  and  lOOCX  electron  micro¬ 
scopes. 


3.  Results  and  discussion 

Each  materials  system  may  show  more  than 
one  category  of  defect  and  so  for  ease  of  explana¬ 
tion,  experimental  results  are  considered  on  a 
material  by  material  basis. 

i.y.  (Hg.Zn)Te/(00I)GaAs.  (Hg,Zn)Te/ZnTe/ 
IOOJ)GaAs  and  (Hg,Zn)Te / ZnTe / {Tl l}B  GaAs 

Deposition  of  HgTe  compounds  directly  onto 
GaAs  substrates  does  not  provide  for  a  route  for 


_ za 


Fig.  2.  Conventional  TEM  images  of  Hg,,„Zn„2Te/ZnTc 
dislocations  and  a  twinned  structure  respectively. 


infra-red  device  fabrication  because  of  the  prob¬ 
lem  of  interfacial  reaction  [5]  and  Ga  interdiffu¬ 
sion.  The  composition  of  the  Hg,,  ^Zn.iyTe/ 
(OODGaAs  sample  examined  was  estimated  from 
diffraction  and  high  resolution  information,  and 
it  interesting  to  note  that  despite  evident  rough¬ 
ness  over  =  2  unit  cells  the  interface  is  delin¬ 
eated  by  a  well  defined  dislocation  array  compris¬ 
ing  primarily  90°  (or  Lomer  (L)  dislocations)  with 
some  60°  dislocations  (Fig.  1).  The  origin  of  the 
moire  fringe  contrast  at  features  along  the  inter¬ 
face  remains  unclear  but  is  possibly  indicative  of 
local  tilts  or  rotations,  or  the  presence  of  some 
phase  with  slightly  different  spacings  which  might 
suggest  incomplete  substrate  desorption  or  inter¬ 
face  reaction. 

Buffer  layers  are  commonly  used  for  the  con¬ 
trol  of  epilayer  orientation  and  additionally  act  as 
diffusion  barriers.  Hg|,7,Zn||  ^Te/ZnTe  grown  on 
(OODGaAs  shown  in  Fig  2a,  exhibits  a  high  den¬ 
sity  of  threading  dislocations,  as  would  be  ex¬ 
pected  for  such  a  highly  lattice  mismatched  sys¬ 
tem,  along  with  vertical  sub-grain  boundaries  giv¬ 
ing  rise  to  the  strong  variations  in  epilayer  con¬ 
trast  due  to  local  variations  from  the  Bragg  posi¬ 
tion,  and  these  observations  are  similar  to  fea¬ 
tures  shown  by  CdTe  grown  on  slightly  misori- 


(a>  ((K)l)  and  (b)  (I  II  IB  oriented  GaA.s  showing  threading 
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ented  (OOl)GaAs  substrates  [6].  In  addition,  there 
are  epilayer  dislocations  parallel  to  the  interface 
and  these  presumably  arise  as  a  consequence  of 
the  IMP  used  to  deposit  the  (Hg,Zn)Te  in  this 
instance. 

Conversely,  for  growth  on  a  {TTT}B  GaAs  sub¬ 
strate.  the  ZnTe  buffer  is  found  to  contain  a  high 
density  of  twin  lamellae  lying  parallel  to  the  sub¬ 
strate  (Fig.  2b),  while  the  (Hg,Zn)Te  epilayer 
contains  double  positioning  twins.  This  type  of 
defect  microstructure  is  similar  to  that  originally 
characterised  for  the  (Hg,Cd)Te/{TTT}B  CdTe 
system  [7].  The  predisposition  of  ZnTe  and  CdTe 
to  twin  is  an  example  of  an  inherent  materials 
problem  dominating  microstructure,  and  {111} 
CdTe  lamellae  may  form  parallel  to  a  variety  of 
substrates  [8].  In  addition,  the  introduction  of 
double  positioning  twins  (particularly  within  Hg- 
rich  tellurides  on  {TTT}B  substrates),  leads  to  the 
formation  of  irregular  lateral  twin  boundaries  ly¬ 
ing  approximately  perpendicular  to  the  epilayer/ 
substrate  interface  and,  while  being  an  interface 
nucleated  feature,  may  still  be  regarded  as  being 
an  inherent  materials  problem  of  the  (Hg,Cd, 
Zn)Te  system. 

3.2.  CdS\\(Cd,Zn)S  superlattices  on  (OOl)GaAs 

Examination  of  CdS  ||(Cd,Zn)S  and  (Cd,Zn)S 
lIZnS  superlattices  on  (OODGaAs  substrates  pro¬ 
vides  a  more  complex  example  of  microstructural 


defect  formation  [4].  The  binary/ ternary  super¬ 
lattice  CdS  II  Cdn,Zn„7S  (lattice  matched  to 
GaAs)  is  examined  here  and  both  inherent  stack¬ 
ing  disorders  and  interfacial  problems  are  appar¬ 
ent.  Figs.  3a  and  3b  show  XTEM  micrographs  of 
such  a  superlattice  on  (OODGaAs  taken  from  the 
near  surface  and  interfacial  regions  respectively. 
Fig.  3a  shows  remanant  flocular  contrast  indica¬ 
tive  of  the  multilayer  growth  process  (period  =  40 
A),  but  the  layers  closer  to  the  interface  which 
has  been  maintained  at  elevated  temperature  for 
longer  have  completely  interdiffused  (Fig.  3b).  A 
very  high  density  of  planar  defects  emanate  from 
this  interface.  Additionally,  it  is  apparent  that 
there  is  some  amorphous  phase  at  the  interface 
(5  to  10  A  thick),  and  even  though  the  epilayer  is 
tailored  to  lattice  match  the  substrate  this  can  no 
longer  be  regarded  as  a  lattice  matched  system.  It 
is  important  to  note  that  the  (001)  GaAs  sub¬ 
strate  has  imposed  an  (001)  oriented  cubic  lattice 
on  the  epilayer  regardless  of  this  interfaciaUayer, 
as  compared  with  similar  layers  grown  on  (1 11)B 
substrates  which  are  {T1T)B  oriented,  hexagonal 
and  highly  faulted  {4}.  The  formation  of  this  cubic 
phase  of  (Cd,Zn)S  might  be  effected  by  local 
breaks  in  the  amorphous  phase  leading  to  seed¬ 
ing  of  epilayer  growth,  or  by  registration  of  the 
overlying  atoms  with  the  substrate  in  which  case 
the  interfacial  layer  forms  later  by  interdiffusion. 
There  is  no  firm  evidence  for  either  mechanism 
as  yet.  The  former  mechanism  would  imply  that 


Fig.  .t.  High  resolution  micrographs  of  a  CdS  IICdniZn,|7S  supcriatlice  on  (OODGaAs  showing  (a)  remanant  flocular  contrast 

indicative  of  the  multilayer  deposition  pnKess  (period  =  40  A)  and  (b)  inclined  stacking  discrrder  and  amorphous  interfacial  phase. 
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Fig.  4.  High  resolution  micrograph  showing  CdTe/((K)l)GaAs 
showing  interfucial  dislocation  content  and  inclined  stacking 
faults. 


these  are  growth  related  stacking  disorders,  which 
form  during  lateral  overgrowth  on  the  amorphous 
interfacial  layer,  rather  than  being  stress  induced 
features  (i.e.  deformation  related)  and  part  of 
some  relaxation  accommodation  process,  and 
hence  this  microtwinning  is  still  fundamentally  an 
inherent  materials  problem. 

The  problem  of  interfacial  phase  formation  is 
found  for  a  variety  of  II-Vl/IIl-V  systems,  with 
the  formation  of  some  III, -VI,  compound,  par¬ 
ticularly  with  excess  group  VI  overpressure  [9,10]. 
However.  Fig.  3b  demonstrates  that  this  may  not 
be  a  simple,  well  defined  crystallographic  phase. 
In  this  instance  the  ternary  layer  was  initially 
deposited  with  all  three  species  being  introduced 
simultaneously  into  the  reactor,  corresponding  to 
conditions  of  excess  group  VI  species.  It  is  possi¬ 
ble  that  initial  deposition  conditions  under  condi¬ 
tions  of  exce.ss  group  II  species  before  reverting 
to  excess  group  VI  conditions  for  improved  growth 
might  alleviate  this  problem. 

CdTe  /  mUGuAs 

The  (OODCdTe/IOODGaAs  system  which  has 
a  14.6%  lattice  misfit  is  an  case  of  lattice  relax¬ 
ation  dominating  epilayer  defect  microstructure. 
A  well  defined  interface  comprising  90°  and  60° 
misfit  dislocations,  with  the  occasional  presence 
of  an  inclined  stacking  fault  (Fig.  4),  the  forma¬ 
tion  of  which  is  considered  to  be  related  to  ItKal 
variation  in  the  density  of  60°  dislocations  and 
Lomer-Cottrell  locks,  the  relative  proportion  of 
which  leads  to  local  CdTe  misorientation  which 
in  turn  introduces  interfacial  stresses  which  are 
relieved  by  stacking  fault  formation  [1  Ij.  An  extra 
60°  dislocation  at  the  interface  is  a.s.sociatcd  with 
each  stacking  fault  as  would  be  expected,  and  it  is 


interesting  to  note  that  the  90°  dislocations  to  the 
right  of  SFl  are  located  one  atomic  plane  above 
those  to  the  left  which  is  indicative  of  the  pres¬ 
ence  of  an  interfacial  step  at  the  stacking  fault 
nucleus.  Conventional  TEM  images  of  the  same 
structure,  however,  illustrate  the  high  threading 
dislocation  density  above  this  interface  [12].  The 
application  of  strained  layer  superlattices  to  re¬ 
duce  threading  dislocation  densities  in  such  highly 
lattice  mismatched  systems  has  had  limited  suc¬ 
cess  [13],  with  typical  factors  of  2-3  improvement 
having  little  impact  on  threading  dislocation  den¬ 
sities  of  the  order  of  10’'- 10*'  cm  ’  (in  view  of 
device  requirements  which  may  be  less  than  10° 
cm“-).  Conversely,  the  growth  of  HgTe  based 
compounds  onto  CdTe  buffer  layers  grown  on 
((HlDGaAs  is  remarkably  effective  at  filtering  out 


Fig.  ,S.  Conventional  TFM  micrograph  showing  banding  and 
faceting  of  the  advancing  growth  front  within  Cd||,„,Zn,iiuTe/ 
<(MM  K'laAs. 
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threading  dislocations  [12],  with  glide  of  thread¬ 
ing  dislocations  to  provide  misfit  segments  follow¬ 
ing  the  Matthews-Blakeslee  mechanism.  The 
plastic  nature  of  the  epilayer  and  the  weak  Hg-Te 
bond  promote  Hg  cross-diffusion  and  combine  to 
form  a  graded  or  vertically  distributed  interface. 

3.4.  (Cd.Zn)Te /  (OODGoAs 

The  (Cd,Zn)Te/(001  )GaAs  system  exhibits  a 
distribution  of  threading  dislocations  similar  to 
that  of  CdTe/(001)GaAs.  But  in  low  Zn  content 
material  grown  by  MOVPE  there  is  also  the 
problem  of  banding  whereby  striations  within  the 
growth  front  may  be  observed,  as  illustrated  by 
the  Cd|,yhZn|,|„Te/GaAs  sample  shown  in  Fig. 
5.  This  effect  arises  due  to  the  non  uniform 
supply  of  precursor  species  to  the  growth  surface, 
indicative  of  either  fluctuating  substrate  tempera¬ 
ture  or  of  too  low  a  carrier  gas  flow  rate  through 
the  Zn  bubbler,  leading  to  pulsing  of  the  Zn  alkyl 
into  the  reactor.  The  striations  also  reveal  the 
faceting  of  the  advancing  growth  front  in  this 
instance.  This  effect  is  related  to  growth  tempera¬ 
ture  and  occurs  due  to  competition  between  de¬ 
veloping  {111}  facets  on  the  (001)  growth  surface 
and  desorption,  and  as  a  consequence  (411}  or 
{511}  facets  may  form,  for  example. 


4.  Conclusions 

lI-VI/GaAs  heterostructurcs  are  found  to  ex¬ 
hibit  a  wide  range  of  defect  microstructures  which 
may  arise  as  a  consequence  of  inadequate  sub¬ 
strate  preparation,  interface  reaction,  or  non-ideal 
growth  conditions,  or  simply  may  be  an  inherent 
problem  of  the  materials  system  itself.  Examples 
of  some  of  the  factors  controlling  microstructural 
defect  formation  and  distribution  within  II- 
VI/GaAs_epilayers  arc  described.  (Hg,Zn)Tc/ 
ZnTc/{l  1 1}B  GaAs  is  prone  to  lamellar  twinning 
in  the  buffer  layer,  and  double  position  twinning 
in  the  (Hg,Zn)Tc  as  might  be  expected  by  com¬ 
parison  with  (Hg,Cd)Te/CdTe/{TTT}B  GaAs. 
(Cd,Zn)S  based  superlattices  lattice  matched  to 
GaAs  suffer  from  intcrfacial  compound  forma¬ 
tion  which  may  be  responsible  for  the  high  den¬ 


sity  of  planar  defects  in  the  epilayer.  Dimorphism 
is  controlled  by  substrate  orientation  and  faulting 
is  enhanced  within  Cd  rich  alloys  or  superlattices. 
In  view  of  the  instabilities  and  consequent  intro¬ 
duction  of  stacking  disorders,  high  mole  fractions 
of  cadmium  are  considered  to  be  deleterious  for 
II- VI  heteroepitaxy.  CdTe  and  (Cd,Zn)Te/ 
((K)l)GaAs  exhibit  microstructures  which  are 
dominated  by  a  half  loop  mechanism  for  relief  of 
misfit  strain.  An  example  of  compositional  band¬ 
ing  within  Cd„yhZn„|i4Te/(001)GaA.s  due  to 
faulty  growth  control  is  also  given.  Strict  control 
over  source  purity  and  alkyl  development  to  facil¬ 
itate  deposition  at  temperatures  comparable  to 
MBE  are  necessary  steps  for  continued  progress, 
and  the  challenge  still  remains  for  the  11-Vl 
community  to  accommodate  or  eradicate  struc¬ 
tural  problems  if  reproducible,  reliable  emitter 
and  detector  device  structures  are  to  reach  the 
commercial  environment.  The  diversity  of  II- 
VI/GaAs  heteroepitaxial  systems  ensures  that 
the  initial  factors  in  the  generation  of  microstruc¬ 
tural  defects  in  these  films  will  be  equally  diverse. 
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Abstract 

Ultrahigh  vacuum-clcavcd  and  as-grown  surfaces  of  CdSc  single  crystals  were  investigated  by  scanning  tunneling 
microscopy.  The  single  cry.slals  were  grown  by  Reynolds-Green  method.  Siriations  and  terrace-step  structure  have 
been  found.  The  surface  atomic  geometry  was  found  and  investigated.  The  (1 120)  face  geometry  (structure  formed 
by  elementary  cell  of  0.75  X  0.7  nm’)  as  well  as  other  type  structures  (c.g..  2.1  x  0.75  nm"  elementary  eell)  have  been 
determined.  The  variations  of  the  band  gap  at  the  surface  have  been  found.  The  band  values  in  the  range  2.0-2. b  eV 
on  a  cleaved  surface  and  1. 1  -2.0  eV  on  an  as-grown  surface  were  measured  tind  explained  as  being  the  inllucnce  of 
surface  relaxation  and  gas  adsorption. 


1.  Introduction 

Study  of  the  surface  atomic  geometry  depen¬ 
dence  on  characteristic  parameters  of  the  bulk 
bonding  and  the  surface  reconstruction  at  cleav¬ 
age  faces  or  under  influence  of  adsorbed  (de¬ 
posited)  atoms  has  been  a  major  topic  in  surface 
science  for  decades.  The  invention  of  the  scan¬ 
ning  tunneling  microscope  (STM)  has  made  it 
possible  to  observe  material  structure  on  the 
atomic  scale.  These  investigations  have  been 
mostly  performed  on  silicon,  gallium  arsenide  and 
related  compound.s,  but  STM  is  rarely  u.sed  to 
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investigate  more  complicated  compounds,  11-V'I 
type  particularly.  On  the  one  hand,  this  is  due  to 
difficulties  obtaining  good  surface  quality  and  on 
the  other  hand  rather  great  problems  are  caused 
by  higher  resistivity  of  materials.  However,  as 
n-vi  compounds  and  particularly  CdSe  have 
interesting  surface  properties,  as  optical  nonlin- 
earities,  sensitivity  to  different  gases  and  espe¬ 
cially  complicated  nature  of  initial  grow'th  of  epi¬ 
taxial  layers,  the  attempt  to  study  surface  atomic 
geometries  of  CdSe  single  crystal  has  been  per¬ 
formed  in  the  present  work. 

As  it  is  known,  the  (1010)  and  (1 120)  cleavage 
faces  are  usual  for  wurtzite-structure  materials. 
Some  fragmentary  low  energy  electron  diffraction 
data  have  been  reported  in  the  literature  and 
some  data  about  surface  relaxation  have  been 
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(ihtaincd  [I -4],  Also,  siriations.  dislocation  kinks 
and  stacking  faults  arc  found  by  means  of  optical 
and  high  rcsttiution  electron  microscopy  l5,bl. 

Some  attempts  to  study  CdSe  surface  by  means 
of  the  STM  have  been  performed  in  [7].  but  as  far 
as  vve  know  the  present  paper  is  the  first  presen¬ 
tation  of  the  surface  atomic  geometry  of  this  type 
of  crystal.  The  CdS  crystals  have  been  investi¬ 
gated  by  injection  luminescence  with  the  .STM. 
hut  atomic  resolution  has  not  been  reached  [H]. 

Different  methods  of  CdSe  crystal  growth  are 
known  and  they  strongly  influence  the  crystal 
quality,  .As  it  has  been  Idund  earlier,  investigating 
exciton  spectra  and  Hall  mobility,  crystals  of 
higher  quality  are  those  grown  from  the  vapor 
phase  [‘)|,  C  rystals  grown  by  the  Reynolds-Green 
method  arc  of  the  bulk  type:  they  can  be  easily 
cleaxed  and  this  is  the  reason  for  investigating 
them  in  this  work.  Preliminary  results  of  mea¬ 
surements  are  presented  in  ref.  [l()|.  Problems  of 
the  surface  image  analysis  are  concerned  with  the 
rather  great  noise,  but  quite  esident  surlace  pat¬ 
terns  ha\c  been  obtained  Utr  some  sample  areas. 

2.  Kxperiment 

I  hc  experiment  was  performed  in  an  ultrahigh 
\acuum  system  with  a  base  pressure  of  approxi- 
mateK  I  -  Id  lorr  in  which  an  Omicron  STM 
had  been  incorporated.  I  he  S  I'M  images  were 
ac(|uired  with  electrochemically  etched  tungsten 
tips.  I  he  tip  was  controlled  by  imaeing  of  the 
well-known  Sit  1 1 1 )  7  *  7  surface,  which  was  also 
useil  lor  the  S  I'M  cidibration  '!'hc  silver  paste 
.mnealed  at  l.sttC'  temperature  was  used  as  the 
ohmic  type  back-cont;ict. 

I  he  investigated  crystals  have  been  grown  by 
recrysialli/alion  at  a  temperature  of  I4l,4-i4l.s 
K.  with  the  excess  component  controlled  by  the 
"cokl"  end  of  the  ampoule  (7.4.^  K),  and  cooled 
ilown  up  to  room  temperature  during  2d  h.  The 
crystal  urulcr  investigation  has  been  preliminary 
notched  by  a  wire  saw  and  then  cleaved  with  a 
knile  in  high  vacuum. 'I'he  main  surface  plain  has 
been  found  to  be  ( 1 1 20)  (l.aue  method  has  been 
used),  but  also  strialions  that  could  contain  a 
(lOlO)  face  have  been  seen  by  the  microscope. 


The  sample  face  therefore  was  terrace-like.  Phe 
accuracy  of  adjustment  of  the  tip  on  the  surface 
spot  was  had  and  it  created  problems  identifying 
the  surface  f;ice. 

Surface  images  with  different  spatial  resolu¬ 
tion  have  been  obt.dned  and  spectroscopic  mea¬ 
surements  have  been  performed,  l  ourier  analysis 
and  regular  noise  filtering  have  been  applied  to 
the  experimental  data.  Two  types  of  noise  have 
been  found:  connected  to  the  vibration  spectrum 
in  the  equipment  (a  hit  less  than  .st)  Hz)  and 
electrical  circuit  noise  of  .>()  and  lot)  H/.  The 
resistivity  of  the  crystal  under  investigation  condi¬ 
tions  was  approximately  2()l)  il  cm. 

Two  types  of  surface,  have  been  investigated: 
(a)  high  vacuum  cleaved  and  (h)  ■  as-grown  "  crys¬ 
tal  face. 


3.  Results  and  discussion 

The  m.iin  picture  ol  a  rather  flat  surface  is 
shown  in  I-'ig.  I,  The  striatii'ns  are  seen  very  well. 
Clear  evidence  ol  the  atomic  scale  resoluticn  and 
of  the  noise  are  seen  in  different  areas  with 
different  sharpness.  As  it  has  been  flvund  from 
the  I'ourier  transform  of  the  image,  the  perioilic- 
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il>  .it  the  lattice  corresponds  to  the  lattice  con¬ 
stant.,  (characteristic  periods)  close  to  ().?,  0.7.5. 
0.4  and  l)..4  nm.  Also  some  larger  periods,  equal 
to  about  1.0  nn  (accuracy  of  all  these  values  was 
up  to  0.0.'')  or  nn)re.  were  found.  Large  periods 
are  suppose.!  to  be  nv'ire  patterns  generated  by 
the  noise  and  the  crystal  structure,  and  some  of 
them  were  easily  evaluated.  It  is  difficult  to  sepa¬ 
rate  the  moire  pattern  and  the  influence  of  stria- 
lion.  Both  can  cause  irregularity  of  pattern  modu¬ 
lation.  If  the  filtering  of  the  image  was  performed 
at  different  ttreas  of  the  image,  similar  patterns 
V  ere  obtained. 

In  the  images  in  which  we  succeeded  to  clear 
up  the  best  atomic  geometry  pictures,  a  distribu¬ 
tion  of  atoms  in  rows  directed  perpendiculiir  ti' 
the  crysttil  c-axis  has  been  found.  Two  images  are 


shown  in  big.  2.  As  the  structure  of  the  image  is 
not  seen  very'  distinctly  on  the  picture,  small 
circles  were  drawn  to  clear  up  the  atomic  geome¬ 
try  (as  it  was  seen  on  the  computer  screen).  The 
distances  between  atoms  and  their  positions  cor¬ 
respond  to  the  ( 1 120)  face  of  the  crystal  in  some 
surface  areas.  In  these  places,  atoms  are  at  the 
edges  of  a  rectangular  with  sides  equal  to  0.7  nm 
along  the  c-axis  and  0.7.s  nm  perpendicular  to  it 
(accuracy  of  values  was  0.01  nm)  with  one  atom 
shifted  out  of  the  rectangular  center  perpendicu¬ 
lar  to  the  r-axis.  As  it  was  found  in  the  LLLD 
experiments  [1-4].  reconstruction  of  the  (112(0 
face  was  absent  and  this  type  of  atomic  geometry 
is  demonstrated  in  Figs.  2a  and  2b.  Other  atomic 
geometries  were  found  in  images  too.  Fhe  most 
typical  of  them  have  a  distance  equal  to  the  triple 
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Fiy.  5.  Tunnel  current  (a)  and  its  derivative  (b)  versus  voltage  of  cleaved  surface  in  different  areas  marked  by  numbers. 


lattice  constant.  I'hc  terrace  steps  can  be  recog¬ 
nized  in  Fig.  2a,  but  it  is  ncces.sary  to  perform 
more  detailed  investigations  of  cleaved  surfaces 
to  clear  up  the  nature  of  the  different  atom 
geometries. 

The  images  presented  above  were  acquired 
probing  empty  crystal  states.  The  resolution  of 
filled  states  has  been  worse,  but  the  atom  geome¬ 
try  and  terraces  have  been  found  to  be  similar  to 
those  in  the  previous  case. 


Spectroscopical  measurements  showed  a  larger 
band  gap  than  in  the  crystal  bulk  (Fig.  3).  with 
values  in  the  range  of  2. 0-2. 6  eV.  This  could  be  a 
result  of  two  circumstances:  (1)  at  a  surface,  a 
cation  and  an  anion  bonds  are  tilted  outward  and 
inward  (due  to  surface  rela.xation.  i.e.  deforma¬ 
tion.  influence  on  effective  band  state  density 
versus  energy),  respectively  [4].  and  therefore  the 
measured  gap  has  to  be  larger  than  in  an  unre¬ 
laxed  lattice;  (2)  the  high  resistivity  of  the  crystal 


(a) 


(b) 
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causes  a  potential  drop  in  the  crystal  and  if  the 
tunneling  current  appears,  it  will  increase  the 
measured  band  gap  value.  The  increase  of  sample 
illumination  has  changed  the  tunneling  current, 
the  potential  drop  was  reduced,  but  we  could  not 
establish  a  decrease  of  the  measured  gap  width. 
In  any  case,  this  dependence  is  necessary  to  in¬ 
vestigate  in  details. 

The  noise  in  the  as-grown  crystal  surface  im¬ 
age  was  rather  high,  but  after  filtering  of  the 
image,  rather  irregular  distribution  of  atom-like 
"spots”  was  found.  Spectroscopical  measure¬ 
ments  showed  that  the  current  cut-off  gap  was 
narrower,  and  it  changed  from  1.1  to  2.0  eV  (Fig. 
4).  This  also  demonstrates  that  the  potential  drop 
in  the  crystal  is  not  dominant  when  the  tunnel 
current  is  on.  As  it  has  been  predicted,  these 
results  have  shown  that  the  surface  has  absorbed 
many  atoms  or  molecules  and  that  the  surface 
density  of  states  is  large.  The  existence  of  the 
large  surface  state  density  was  demonstrated  ear¬ 
lier  and  these  states  have  pinned  the  Fermi  level 
to  the  surface  [11]. 


4.  Conclusions 

A  CdSe  single  crystal  surface  with  atomic  reso¬ 
lution  has  been  imagmed  for  the  first  time.  The 
step-wise  surface  (1120)  face  has  been  analyzed, 
and  the  "ideal”  (0.7  nm  and  0.7.5  nm  periodicity 
in  the  c-axis  direction  and  perpendicular  to  it, 
respectively)  and  terrace-step  atomic  geometries 
have  been  found. 
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Abstract 

Coherent  insertions  of  ZnTe  submonolayers  and  dots  in  a  CdTe  matrix  have  been  fabricated  by  molecular  beam 
epitaxy.  The  realization  of  such  ultra-small  systems  is  conditioned  by  monitoring  the  two-dimensional  growth  ttn 
exactly  (001)  oriented  substrates  or  vicinal  surfaces.  High  resolution  X-ray  diffraction  data  show  that  the  interfaces 
of  the  clusters  are  in  perfect  register  with  the  surrounding  material  despite  the  b..s'V  lattice  mismatch  between  ZnTc 
and  CdTe.  Finite  size  effects  are  proposed  to  explain  the  partial  relaxation  of  the  strain  of  the  ZnTe  insertions.  The 
short  range  isolectronic  potential  introduces  considerable  perturbation  in  the  electronic  band  structure  of  the 
superlattices.  Light  hole  exeiton  trapping  by  ZnTe  dots  is  experimentally  observed.  This  effect  is  well  described 
qualitatively  by  the  envelope  function  model.  As  the  lateral  size  of  ZnTe  islands  can  be  made  larger  than  the  exeiton 
Bohr  radius  by  changing  the  growth  conditions,  discrete  fluctuations  of  ZnTe  thickness  are  observed.  Disorder 
induced  localization  resulting  from  the  breaking  of  the  translational  symmetry  by  the  dots  is  proposed  to  explain  the 
multiple  excitonie  lines  observed  in  the  optical  spectra  of  superlatticcs  incorporating  fractional  monolayers  of  ZnTe. 


1.  Introduction 

The  development  of  modern  vapor  phase  epi¬ 
taxy  techniques  allows  one  to  engineer  quantum 
devices  and  heterostructures  on  a  subnanometer 
scale.  Coherent  insertion  of  monolayers  or  sub¬ 
monolayers  of  i.soeleetronie  impurities  is  then 
possible  in  ttrder  to  mttdify  the  band  structure  of 
electronic  materials  at  a  high  level  of  aeeuracT. 
Numerous  potential  applications  have  been  pro¬ 
posed  for  this  technique  in  the  field  of  semicon¬ 
ductor  materials  science: 

(i)  Interfaces  studies.  The  inserted  monttlayers 
decorate  the  growing  surface  and  strongly  en¬ 
hance  the  chemical  (Hg  in  CdTe)  or  lattice  mis¬ 
match  (Zn  in  CdTe)  contrast  for  X-ray  diffraction 
(XRD)  and  tran.smi.ssion  electron  microscopy 
(TEM)  studies  of  the  interfacial  roughness. 


(ii)  Electronic  properties.  The  short  range  poten¬ 
tial  of  the  impurity  sheets  modifies  the  band 
structure  by  introducing  carrier  localization  or 
scattering  depending  on  the  nature  of  the  pertur¬ 
bation  [1].  Ordered  pseudo-alloy  can  be  synthe¬ 
sized  by  introducing,  for  example,  monolayers  of 
ZnTe  in  Cd  Te.  This  could  decrease  the  potential 
fluctuations  if  lateral  thickness  variations  and  in¬ 
terfacial  roughness  are  mastered.  The  introduc¬ 
tion  of  spatially  liKalized  perturbations  can  also 
be  used  to  probe  the  electron  or  hole  wavefunc- 
tK)ns  in  a  quantum  well  [2]  and  to  study  exeiton 
k)calization  or  .scattering. 

<iii)  Low-dimensional  systems.  If  the  lateral  sizes 
of  the  islands  are  controlled,  wires  and  dots  can 
be  fabricated  by  depositing  fractional  monolayers. 
Grown  on  flat  surfaces,  the  island  structures 
should  be  random  with  a  distribution  depending 
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Fig.  1.  Sketch  of  ZnTe  inlands  (shadowed  area)  grown  on 
various  ((KID  surface  and  terrace  configurations,  (a)  Nominal 
surface  with  random  2D  islands,  (h)  Vicinal  surface  tilted 
towards  (III)  with  one  dominant  step  configuration  and  ZnTe 
wires  running  along  (11(1).  (c)  Vicinal  surface  lilted  towards 
(10(1)  with  steps  running  equally  along  (110)  and  (110).  The 
ZnTe  dots  arc  formed  by  nuclealion  at  the  two  step  edges  of 
the  terraces. 


on  the  growth  conditions.  Grown  on  vicinal  sur¬ 
faces  with  ordered  kinks  and  terraces,  a  self- 
organized  array  of  dots  or  wires  could  be  formed, 
as  shown  in  f-ig.  I 

'I'he  aim  of  this  paper  is  to  understand  how  to 
get,  by  molecular  beam  epitaxy,  monolayers  and 
submonolayers  t)f  the  isoelectrtmic  impurity  Zn  in 
a  C'd  fe  matrix.  Knowledge  of  the  parameters  of  a 
2D  growth  (surface  diffusitm  and  mobility,  growth 
interruptions,  atomic  exchange  reaction  on  the 
surface,  etc.)  is  essential  for  the  control  of  inter¬ 
face  morphology.  .St)me  of  them  arc  obtained 
from  RUtKD  oscillations  of  the  specular  beam 
intensity  on  nominal  and  vicinal  (001)  surfaces  of 
(  d  ie  and  Zn  l'e.  The  crystalline  quality  of  the 
structure,  as  well  as  the  total  amount  of  Zn 
incorporated,  arc  obtained  from  high  resolution 


X-rays  diffraction  data  of  strained  superlattices 
incorporating  0.3  to  3  monolayers  (ML)  of  ZnTe. 
The  role  of  interdiffusion.  roughness  and  strain 
field  on  compositional  profile  will  be  discus.sed. 
In  particular,  the  partial  relaxation  of  highly 
strained  ZnTe  microclusters  or  rough  layers  due 
to  their  finite  size  has  been  considered.  The 
electronic  properties  of  these  superlattices  are 
studied  by  different  optical  methods  including 
photoluminescence,  excitation  spectroscopy,  re¬ 
flectivity  and  piezomodulated  reflectance  which 
identify  light  and  heavy  hole  excitons.  The  exci- 
ton  motion  is  shown  to  be  strongly  affected  by  the 
in-plane  potential.  The  particular  band  structure 
of  CdTe/ZnTe  heterostructures  makes  this  po¬ 
tential  attractive  for  light  holes,  but  repulsive  for 
heavy  holes  and  electrons.  Light  hole  exciton 
localization  by  ZnTe  dots  of  various  sizes  is  ob¬ 
served. 


2.  Molecular  beam  epitaxy  of  ZnTe  monolayers 

The  samples  are  grown  by  conventional  MBE 
on  CdTc  and  Cd|m7Zn,|,„Te  ((H)l)  substrates. 
They  are  either  nominally  ((K)l)  (±0.2°)  or  mis- 
oriented  by  2°  (±0.2°)  towards  [100].  For  the 
vicinal  surfaces,  the  terrace  configuration  result¬ 
ing  from  the  miscut  angle  would  consist  of  two 
adjacent  stair  cases  of  steps  along  the  [iTO]  and 
[1 10]  directions  (see  Fig.  Ic). 

After  degassing  and  surface  stabilization  under 
cation  flux,  RHEED  o.scillations  are  recorded  on 
a  short  period  (.S  ML/5  ML)  superlattice  CdTc/ 
CdZnTe.  This  calibration  run  is  performed  under 
experimental  conditions  identical  to  those  used 
for  the  growth  of  the  supcrlattices  (SLs)  with  the 
ZnTe  insertions.  The  ZnTe  growth  rate  is  given 
with  I0''f  accuracy  by  the  difference  between  the 
deposition  rate  t)f  CdTe  and  CdZnTe.  The  thick¬ 
ness  ratio  of  the  CdTe  and  ZnTe  layers  is  chosen 
such  as  to  maintain  the  SL  commensurate  with 
the  CdZnTe  substrate,  whose  lattice  parameter 
lies  in  between  that  of  the  two  binaries  [4].  The 
strain  symmetrization  which  results  from  this 
choice  allows  growth  of  a  thick  (1  /am)  supcrlat- 
tice  with  an  average  deformation  close  to  zero 
avoiding  the  creation  of  extended  defects. 
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riic  CiUc  layers  arc  gri'wn  under  Cd  excess 
and  are  Idllovved  by  (he  deposition  of  monolayer 
or  suhmonolayer  of  Zni'e.  This  is  followed  by  a 
growth  interruption,  which  cannot  be  performed 
under  Cd  or  Zn  excess  because  that  would  mod¬ 
ify  the  total  amount  of  Zn  by  the  exchange  reac¬ 
tion  between  Cd  and  Zn  atoms  [5].  A  short  growth 
interruption  under  vacuum  is  thus  performed  in 
order  to  allow  surface  rearrangement.  For  growth 
on  nominal  surfaces,  one  expects  a  random  distri¬ 
bution  of  2D  islands  (Fig.  la)  but  on  vicinal 
surfaces  an  ordered  array  of  microclusters  can  be 
obtained  by  aggregation  at  step  edges  or  kinks  if 
mobility  is  high  enough.  Depending  on  the  mis- 
orientation  axis,  wires  should  be  obtained  for  a 
[110]  rotation  axis  (Fig.  lb)  or  dots  for  a  [100] 
direction  (Fig.  Ic). 

To  determine  the  condition  for  the  grovah  to 
occur  by  step  propagation,  the  surface  diffusion 
length  of  Te  atoms  has  been  measured  on  vicinal 
surfaces  by  observing  the  temperature  depen¬ 
dence  of  the  disappearance  of  the  RHEED  oscil¬ 
lations  [()].  The  critical  temperature  (7].)  corre¬ 
sponds  to  the  transition  from  2D  nucication  on 
terraces  (with  RHEED  oscillations)  to  step  flow 
mode  (no  RHEED  oscillations).  Then  one  as- 
.sumes  that  at  =  T^.,  the  diffusion  length  (Lp) 
will  be  equal  to  the  terrace  length  (90  A  for  a  2° 
miscut)  with  a  lifetime  t  =  where  is 

the  surface  site  density  and  F  the  arrival  rate  of 
atoms  per  unit  surface  area  [6].  Then  the  surface 
diffusion  coefficient  I\  =  T],/t  can  be  measured 
by  varying  the  growth  rate  and  the  substrate 
temperature  An  example  of  such  measure¬ 
ment  of  the  disappearance  of  RHEED  oscilla¬ 
tions  is  shown  in  Fig.  2a  for  CdTc  ((K)l)  misori- 
ented  toward  ((K)l)  with  a  CdTc  flux  set  at  0.75 
ML/s.  Fig.  2b  shows  the  Arrhenius  plot  of 
versus  for  CdTc  and  ZnTc  growth.  Activation 
energies  of  1.6  ±  0.3  and  2  ±  0.3  cV  are  obtained 
for  CdTc  and  ZnTe  surfaces,  respectively.  This 
difference  reflects  more  or  less  the  difference  in 
the  cohesive  energy  of  the  two  materials.  These 
data  lead  to  a  growth  temperature  of  3.3()-340°C, 
for  preferential  nucleation  at  step  edges,  with  a 
typical  growth  rate  of  0.4  ML/s  for  CdTc  and  0.1 
ML/s  for  ZnTe. 

At  such  a  temperature,  interdiffusion  could  be 


a  b 

Ts(C) 


Fig.  2.  (a)  RHEED  oscillations  recorded  at  different  substrate 
temperatures  (7’,)  during  the  growth  of  CdTe  on  a  (IK)I )  C'dTe 
surface  tilted  2°  towards  (100).  (b)  Arrhenius  pi"!  <’f  tl’e- 
surface  diffusion  coefficient  of  Te  atoms  on  CdTe  and  ZnTc 
surfaces,  measured  from  the  disappearance  of  the  RHEED 
oscillations. 


a  severe  limitation  to  the  interface  morphology. 
The  interdiffusion  coefficient  of  CdTe/CdZnTc 
interfaces  has  been  measured  as  Z)  -  1 14  exp 
(  -  2.5  cV/AT)  [7].  At  .3.3()°C  this  gives  an  intrinsic 
coefficient  for  Zn  diffusion  of  U)"''*  em  ’/s  which 
corresponds  to  an  tibruptnes  of  ±  1  monolayer. 
The  sharpness  of  the  interfa  could  be  improved 
by  using  a  higher  miscut  ang  The  critical  tem¬ 
perature  would  be  lower,  m  dng  the  iisterdiffu- 
sion  contribution  negligible. 


3.  X-ray  diffraction  charade  ization 

The  structural  parameter;  of  the  superlattices 
are  deduced  from  X-ray  diffraction  (XRD)  data 
which  can  be  used  to  analyse  layers  having  a 
thickness  of  I  ML  or  less,  provided  the  chemical 
or  lattice  constant  contrast  is  high.  Integral  struc¬ 
tural  information  is  then  obtained  such  as  the 
total  amount  of  Zn  per  inserted  pb  ne,  the  strain 
and  the  thickness  of  each  layer  an  1  the  state  of 
coherence  with  the  substrate. 
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6  (degrees) 

Fig.  .V  (4(MI)  X-ray  ditfraction  diagram  of  CdTc/ZnTc  super- 
lattices  with  different  ZnTe  layer  thicknesses.  The  superlat- 
tlce  parameters  are  given  in  Table  1 


The  diagrams  arc  recorded  in  the  f)-20  mode 
around  the  (004)  reflection.  Large  angular  scans 
are  possible  with  a  resolution  of  10  arc  sec  and  a 
dynamic  range  of  10^-10'.  The  XRD  diagrams 
are  simulated  in  the  kincmatical  approximation. 

Fig.  ."t  shows  the  diagrams  obtained  on  CdTe/ 
ZnTe  superlatticcs  with  different  ZnTe  layer 
thickne.sses.  The  parameters  of  these  SLs  are 
summarized  in  Table  1.  The  CdTe  layer  thick¬ 
nesses  have  been  adjusted  to  maintain  coherence 
with  the  CdipiyZniii.iTe  substrate.  This  is  con¬ 
firmed  by  the  small  splitting  between  the  sub¬ 
strate  peak  and  the  zero-order  peak  of  the  SL 
(this  peak  gives  the  average  lattice  parameter  of 
the  SL  along  the  growth  direction).  I'he  equality 
of  the  two  lattice  constants  ensures  the  absence 
of  any  lattice  mismatch  relaxation.  The  diagrams 
show  highly  resolved  SL  satellites  with  a  small 
background  coming  from  diffusion  on  structural 
imperfections.  FWHMs  varying  from  20  to  .40  arc 
sec  for  the  first  order  peaks  (n<.4.  4).  then 
increasing  to  OO-l.SO  arc  sec  for  higher  orders 


Table  1 

.Structural  parameters  of  CdTe/ZnTe  superlatlices;  the  first 
two  columns  correspond  to  the  nominal  thickness  of  C  dTe 
and  ZnTe  in  number  of  monolayers,  deduced  from  RHEF.D 
oscillations;  the  other  three  columns  give  the  parameters 
measured  from  X-ray  diffraction.  P  is  the  period  of  the 
superlattice;  all  the  samples  are  grown  at  2S0°C.  e.xcept  sam¬ 
ple  Z  648  grown  at  22()“C  and  Z  682  grown  at  ,4(KV  C 


,V(CdTe) 

MZnTe) 

P(A) 

MfdTe) 

.V(ZnTe) 

7.682 

14 

0..S 

46.6 

!3.S±0.5 

0.4  ±0.05 

Z.S87 

27 

1 

40.7 

27  ±  1 

0.8  ±0.1 

Z648 

28 

1 

nil 

.40  ±  1 

0,6.4  ±  0.05 

Z671 

25 

1..S 

117.7 

.4.S  t  1 

1.4 

Z562 

bO 

161.7 

58  +  1 

1.7  ±0.1 

(«  =  6,  7)  are  routinely  obtained.  In  Fig.  4  we 
compare  the  experimental  pattern  with  the  com¬ 
puter  simulation  of  a  CdTe/ ZnTe  superlatticc 
with  nominal  value  of  1  ±0.1.''  ML  of  ZnTe  as 
deduced  from  RFIEED  oscillations.  As  a  result  of 
the  large  mismatch  between  ZnTe  and  the 
CdZnTe  substrate  the  zero-order  peak  pcfsition  is 
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Tig.  4.  C'<impiiriM»n  <»l  Ihc  cxpcrimcnMl  uticuLitcd  X-rav 
ihrirachon  pauerns  o!  a  .m>  Ml.  CdTe,  I  ML  /nTe.  The 
calculaicd  diagrams  are  obtained  lor  different  7.n  contents 
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extremely  sensitive  to  the  total  amount  of  Zn  per 
period.  While  not  clearly  seen  in  Fig.  4  due  to  the 
too  wide  angular  scan,  the  zero-order  peak  posi¬ 
tion  cannot  be  fitted  with  the  nominal  value  of  I 
ML  of  ZnTe,  but  instead  by  taking  0.65  ±  0.05 
ML  of  ZnTe.  In  the  calculation  the  fractional 
layers  are  represented  by  an  integral  monolayer 
of  equivalent  Cd,  ,Zn,Te  alloys.  This  assump¬ 
tion  will  be  valid  for  a  random  distribution  of 
islands  with  small  lateral  extension.  For  superlat¬ 
tices  grown  below  280‘’C  where  surface  migration 
is  limited,  this  approximation  is  probably  correct. 
As  shown  in  Table  1,  the  ZnTe  insertion  presents 
a  deformation  systematically  20-405^  below  that 
expected  from  elasticity  theory  for  the  amount  t)f 
Zn  measured  from  the  RHEED  oscillations. 

While  it  is  clear  that  measurement  errors 
(  ±  l()-15''r)  contribute  to  this  difference,  the  ex¬ 
perimental  data  seem  to  indicate  a  partial  relax¬ 
ation  of  the  strain  of  the  ZnTe  islands  or  layers. 
Strain  mapping  along  the  growth  direction  ob¬ 
tained  by  analysing  high  resolution  electron  mi¬ 
crographs  also  shows  a  partial  relaxation  of  ZnTe 
layers,  which  has  been  attributed  to  some  Zn 
segregation  (K)].  While  we  cannot  discard  this 
interpretation,  we  must  also  consider  the  possibil¬ 
ity  of  a  reduction  of  the  stress  energy  in  strained 
systems  of  finite  size,  such  as  islands  or  rough 
layers  [11].  Indeed,  for  an  infinitely  flat  ZnTe 
layer,  the  biaxial  stress  imposed  by  the  substrate 
lattice  parallel  to  the  interface  results  in  a  per¬ 
fectly  tetragonal  distortion.  However,  if  the  source 
of  strain  is  reduced  to  finite  lateral  extent  by 
forming  islands  or  by  surface  corrugation,  first 
the  strain  field  will  propagate  inside  the  sur¬ 
rounding  matrix  with  a  characteristic  length  com¬ 
parable  to  the  source  dimension  and,  secondly, 
the  ZnTe  cluster  deformation  will  be  less  than 
expected  for  a  pure  tetragonal  distortion.  Such  an 
effect  has  been  observed  recently  during  the 
growth  of  InGaAs  on  GaAs  (121.  In  this  particu¬ 
lar  case  the  relaxation  takes  place  essentially  at 
the  free  edges  of  the  surface  islands.  When  the 
microclusters  are  embedded  in  a  matrix  the  relax¬ 
ation  is  probably  more  isotropic. 

Preliminary  calculations  made  by  taking  ellip¬ 
soidal  ZnTe  clusters  indicate  that  25G  of  strain 
relaxation  is  expected  for  an  ellip.soidal  c/u  ratio 


close  to  10  [13J.  This  means  that  1  ML  high 
islands  extend  laterally  over  20-.30  A.  Some  of 
the  optical  data  presented  in  the  next  section 
indicate  also  the  presence  of  homogeneously  dis¬ 
tributed  islands  with  a  lateral  size  smaller  than 
the  exciton  Bohr  radius  which  is  equal  to  70  A  in 
CdTe  bulk  materials.  In  this  scheme,  the  extra 
relaxation  we  observe  for  complete  monolayers  (it 
has  also  been  observed  for  InGaAs/ GaAs  [12]) 
originates  presumably  from  the  surface  roughness 
of  the  CdTe  layers,  which  are  not  sufficiently 
smrwthed  at  280°C  by  the  growth  interruption, 
and  also  from  the  ZnTe  growth  mode  which 
favors  island  formation. 


4.  Investigation  of  quantum  size  effect  and  exci¬ 
ton  localization  by  ZnTe  dots 

The  CdTe/Cd|  ,Zn,Te  quantum  structures 
exhibit  a  particular  valence  band  alignment 
strongly  dependent  on  the  strain  stale  of  each 
constituent  [14].  Light  holes  are  generally  con¬ 
fined  in  the  barrier,  which  are  in  tensile  strain, 
while  heavy  holes  and  electrons  are  localized  in 
the  CdTe  wells  (unstrained  or  in  compressii>n). 
Then  one  expects  that  ZnTe  inserted  in  a  CdTe 
matrix  will  act  as  an  attractive  potential  for  light 
holes,  but  repulsive  for  heavy  holes  and  electrons 
(see  the  insert  of  Fig.  5b).  A  fundamental  ques¬ 
tion  is  the  actual  nature  of  the  potential  which 
must  be  chosen  to  describe  the  ZnTe  insertion 
correctly.  The  best  approach  is  the  atomistic 
model  developed  by  Miider  and  Baldereschi  [15]. 
They  used  empirical  tight  binding  (ETB)  calcula¬ 
tions  adapted  from  those  developed  to  treat  iso- 
electronic  impurity  centres  in  bulk  materials  [16]. 
Another  approach  has  been  used  to  describe 
optical  data  for  In  As  in  GaAs  [17].  It  uses  the 
envelope  function  model  (EFM)  and.  surprisingly, 
gives  results  for  ground  states  comparable  to  ETB 
calculations.  Possible  explanations  for  the  puz¬ 
zling  agreement  despite  the  limitations  of  the 
EFM  at  the  one  monolayer  scale  is  that  the 
effective  potential  given  by  the  overlap  <rf  the 
squared  wavefunctions  of  the  carriers  and  the 
short-range  perturbation  is  generally  small.  Then 
the  ground  state  wave  function  of  the  localized 
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Fig.  .‘i.  Effect  of  the  ZnTe  layer  thickness  on  (a)  the  calculated 
band  gaps  £,11,  and  EiL,  and  the  experimental  e.xcitonic 
transitions,  c'lh,  and  Cil,.  and  (h)  the  calctil  ■  ed  and  experi¬ 
mental  localization  energies  (/./..J  l  of  the  I  ‘it  holes  stales. 
The  superlattices  are  grown  on  Cd|i„-7.n„,„Te  substrates  and 
the  C'dTe  well  thickness  is  .!(l  ML. 


carriers  can  be  represented  by  a  hydrogenoid 
function  a  '  ■  e  and  the  ground  state  energy 
will  not  be  sensitive  to  the  shape  of  the  potential 
as  long  as  the  spatial  e.xtension  of  the  perturba¬ 
tion  is  much  smaller  than  the  carrier  Bohr  radius 
a. 

In  the  ftfllowing  we  will  use  the  EFM  by  as¬ 
suming  a  periodic  sequence  of  square  well  poten¬ 
tials  given  by  the  band  discontinuity  of  the  con¬ 
stituents  [18].  Then  the  barrier  height  for  elec¬ 
trons.  heavy  hole  and  light  hole  are  respectively 
112  and  228  mcV.  taking  a  chemical  valence 
band  offset  of  5''f  and  an  a^/u^  ratio  equal  to  2 
(«^  and  are  the  hydrostatic  deformation  po¬ 
tentials  of  the  conduction  and  valence  band). 
Non-integer  Zn'l'c  layers  arc  represented  by  a 
complete  layer  of  the  equivalent  alloy.  This  “mean 
field"  approximation  is  valid  as  long  as  cxcitons 
can  avcnigc  the  potential  fluctuations  over  dis- 
tiinccs  comparable  to  their  Btihr  radius.  The  exci- 
ton  binding  energy  /f,,^  is  calculated  within  the 
EF-'M  and  shows  very  similar  values  for  the  heavy 
hole  c’lh,  and  light  hole  eil,  cxcitons,  despite  the 


latter  being  "indirect"  in  the  sense  that  electron 
and  light  hole  are  spatially  separated  [19],  How¬ 
ever,  the  Coulomb  interaction  and  the  large  prob¬ 
ability  of  finding  the  light  hole  in  the  CdTe  layers 
makes  the  c,!,  transition  quasi-direct. 

Fig.  5a  shows  the  variation  of  the  E|H,  and 
E,L|  interband  transitions  (they  differ  from  the 
c’lh,  and  eil,  excitonic  lines  by  the  e.xciton  bind¬ 
ing  energy)  calculated  for  a  SL  containing  30  ML 
thick  CdTc  wells  separated  by  ZnTe  layers  with 
thicknesses  varying  between  0  and  3  ML.  The  SL 
is  coherently  grown  on  a  Cd||,||,Zn|imTe  substrate 
which  lifts  valence  band  degeneracy  of  CdTe  by 
an  amount  8  HE  s  12.0  meV.  The  initial  blue 
shift  of  the  two  transitions  results  from  the  pro¬ 
gressive  decoupling  of  the  electron  states  when 
the  effective  barrier  potential  increases.  Above  1 
ML  of  ZnTe.  the  stabilization  and  then  the  red 
shift  of  the  E|L,  transitions  result  from  the  en¬ 
hancement  of  the  localization  of  light  holes  states 
by  the  ZnTe  wells.  The  experimental  values  of 
the  e|l|  and  Cih,  exciton  energies  arc  also  re¬ 
ported,  They  were  obtained  from  the  reflectivity 
.spectra  shown  in  Fig,  6.  Piezomodulatcd  re- 
llcctance  was  used  to  identify  light  and  heavy 
hole  cxcitons  [20].  As  predicted  by  the  calcula¬ 
tions.  we  clearly  obsene  the  decrease  of  the 
energy  separation  (S(e|h|.  e,!,)  between  light  and 
heavy  hole  exciton.  A  good  fit  of  the  absolute 
energy  of  the  transitions  is  also  obtained  by  tak¬ 
ing  exciton  binding  energies  s  s  12-14 
meV.  Fig.  5b  shows  the  plot  of  the  calculated  and 
experimental  binding  energies  (£’|',|.)  of  the  light 
hole  ground  state  as  a  function  of  Zn  coverage. 
t'i'J.  is  measured  from  the  top  of  the  valence  band 
of  the  barrier  and  is  given  by 

/:',:  =/5(e,h,.e,l,)+,5HL+^£,V,‘ 

where  f/,  is  the  heavy  hole  confinement  energy. 

the  difference  between  light  and  hcav'y 
hole  exciton  binding  energy,  (5HL  the  heavy-light 
hole  splitting  in  CdTe  and  (5(e|l|.  e|h,)  the  en¬ 
ergy  separation  between  light  and  heavy  excitonic 
transitions.  depends  on  the  chemical  valence 
band  offset  TLi,,  and  reasonable  agreement  be¬ 
tween  experiment  and  calculation  is  obtained  for 
a  ratio  JIL^,/J£p  s  5-IO'"f. 


5S6 


jV.  Magnea  /  Journal  of  Crystal  Growth  UK  IIW4)  550-55^ 


■  I 


0,.  I 


1  ML 


^  -3 


O.SML  j 


0  ML 


e.h, 


Sub. 


E'‘tERCy  (mev) 

Fig.  h.  l  .H  K  reflectivity  spectra  obtained  on  Cd  l  e  layers  with 
insertions  of  I),  l).7  and  I  ML  of  ZnTe  grown  at  2S0X’  on 
C'd,iir?niiioTe  substrates.  The  undulations  observed  on  the 
sample  without  ZnTe  insertion  are  the  results  of  the  quantiza¬ 
tion  of  the  free  exciton  motion  along  the  growth  axis.  The 
whole  "superlattice  "  (without  internal  barriers)  acts  as  a 
single  quantum  well. 


These  experimental  data  show  a  monotonic 
variation  of  £,'[,[  for  fractional  monolayers  with 
sharp  (<  I  meV)  excitonic  transitions  C|h|  and 
e,!,.  This  confirms  the  "mean  field"  approxima¬ 
tion  where  the  fluctuations  are  efficiently  aver¬ 
aged.  This  means  that  for  these  supcrlattices 
which  were  grown  below  2ft0°C,  the  island  size 
( TJ  is  smaller  than  the  exciton  Bohr  radius 
In  the  opposite  case  one  expects  to 

observe  multiple  peaks  with  transition  corre¬ 
sponding  to  the  insertion  of  zero,  1  or  po.ssibly  2 
ML. 

Fig.  7  shows  the  reflectivity  spectra  obtained 
for  samples  grown  on  CdTe  ((K)l)  vicinal  surfaces 
at  34()°C'.  As  shown  in  section  2,  this  condition 
corresponds  to  a  higher  surface  mobility  of  atoms 
and  under  these  conditions  an  efficient  coales¬ 
cence  of  the  ZnTe  clusters  is  expected.  Sample 
(a)  incorporates  sheets  of  ZnTe  with  a  nominal 
thickness  of  2  ML  and  for  sample  (b),  0.5  ML  of 
ZnTe  has  been  deposited  in  between  30  ML  thick 


CdTe  layers.  For  sample  (a),  we  observe  three 
lines  which  fall  close  to  the  expected  position  of 
the  c,h,  excitons  for  1.2  and  3  ML  of  ZnTe.  For 
the  light  hole  exciton  e,!,,  which  is  very  close  to 
the  CdTe  substrate  signal,  only  one  line  is  de¬ 
tected.  This  is  not  surprising  because,  as  shown  in 
Fig.  6a,  the  e|l|  line  does  not  shift  for  ZnTe 
thickness  varying  between  1  and  2  ML.  The  ob¬ 
servation  of  multiple  peaks  at  positions  corre¬ 
sponding  to  integral  numbers  of  ZnTe  monolay¬ 
ers  is  characteristic  of  a  smooth  interface  with 
ZnTe  islands  larger  than  the  cxciU)n  Bohr  radius 
[21]. 

For  sample  (b)  with  0.5  ML  of  ZnTe,  a  very 
different  spectrum  is  obtained.  The  calculated 
positions  of  the  c,l,  and  e,h,  transition  for  0.  0.5 
and  1  ML  ZnTe  insertion  are  indicated.  Contrary 
to  sample  (a),  we  observe  several  discrete  lines 
which  span  the  whole  energy  range  expected  for 
+  0.5  ML  fluctuations.  This  spectacular  effect 
could  result  from  a  disorder-induced  localization 
of  carriers  where  the  superlattice  extended  states 
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Fig.  7.  1.8  K  reflccliviiy  specira  dhtainciJ  on  (\lTe  layers  wiih 
0.5  and  2  ML  ZnTe  insertion  grown  at  .^4(rC'  on  (  dTe  vicinal 
surfaces.  The  expected  positions  of  the  light  (e,l,)  and  heavy 
(e|h,)  excitons  for  different  thickness  configurations  of  the 
ZnTe  insertions  are  shown  in  the  figure. 
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are  replaced  by  spatially  localized  levels  [22].  This 
leads  to  several  recombination  lines  correspond¬ 
ing  to  differen'  disorder  configurations  along  the 
growth  direction.  The  observation  of  this  effect 
also  requires  huge  ZnTe  islands  resulting  in  a 
lateral  modulation  of  the  wavefunction.  If  we 
consider  the  case  of  electron  states,  in  absence  of 
disorder,  the  CdTe  well  states  are  strongly  cou¬ 
pled  through  the  0.5  ML  ZnTe  barrier.  A  mini- 
band  is  formed  with  a  width  A  s  .^0  meV.  and 
states  are  delocalized  over  the  whole  structure. 
However,  the  1  ML  high  ZnTe  islands  are  ran¬ 
domly  distributed  in  the  plane  of  the  la  ers,  which 
creates  a  disorder  along  the  growth  diiection.  As 
a  first  approximation,  this  disorder  /'  corresponds 
tv)  local  fluctuations  of  I  to  0  ML;  thus  [' s  10 
meV  (this  is  the  difference  in  the  electron  con¬ 
finement  energy  for  CdTe  wells  of  .50  ML  and  60 
ML).  The  electrons  states  are  approximatively 
localized  on  a  distance  scale  (A/I')L^  s  2-.5  L„. 
where  is  the  CdTe  thickness,  and  no  ex¬ 
tended  states  can  exist.  Similar  effects  are  also 
expected  for  light  hole  states.  On  the  contrary, 
for  samples  with  a  high  density  of  small  ZnTe 
islands  (such  as  the  samples  grown  at  low  temper¬ 
ature).  the  potential  fluctuations  are  now  very 
well  averaged  and  then  the  disorder  parameter  /' 
is  small  ( =  I  meV).  Extended  states  can  be 
tormed  and  single  transitions  are  obserx'cd  for 
light  and  heavy  e.xcitons,  respectively. 


5.  Conclusion 

The  conditions  for  fabricating  ZnTe  submvmo- 
layers  and  dots  coherently  in.serted  in  a  CdTe 
matrix  by  molecular  beam  epitaxy  have  been  de¬ 
scribed.  For  temperatures  close  to  the  transition 
from  growth  by  the  formation  of  2D  clusters  to 
growth  by  step  advancement,  Zii  Le  islands  with 
lateral  size  comparable  to  the  exciton  Bohr  radius 
are  obtained  (  s  100  A).  At  lower  temperature, 
the  deposited  ZnTe  layer  is  distributed  in  small 
dusters  ( l(l-.50  A).  In  the  latter  case,  all  the  types 
of  fluctuations  are  averaged  on  the  scale  of  the 
exciton  wavefunction.  X-ray  diffraction  studies 
shows  that  the  Zn  pitines  are  well  matched  to  the 
matrix,  with  sharp  interfaces.  Interdiffusion. 


which  can  be  an  important  limiting  facivir.  does 
not  seriously  affect  the  morphology  of  Cdl'e/ 
ZnTe  interfaces.  Partial  strain  relaxatit)n  of  Zn  Te 
dots  due  to  finite  size  effects  is  proposed  as  an 
explanation  of  the  discrepancy  between  the  mea¬ 
surements  of  Zn  content  by  X-rays  data  and 
RHEED  oscillations. 

The  localization  of  light  hole  excitons  by  Zn  Te 
dots  and  planes  has  been  ob.served  in  various 
superlattice  configurations.  The  Zn  l'e  layers  or 
submonolayers  act  as  quantum  wells  for  light 
holes  and  thus  confirm  the  band  alignment  ()f  the 
CdTe/ ZnTe  interface  now  widely  accepted;  a 
chemical  valence  band  offset  between  5'r  and 
10%  with  type  I  alignment  for  electrons  and 
heavy  holes  and  type  II  for  electrons  and  light 
holes.  The  exciton  localization  results  first  from 
the  capture  of  the  light  hole  by  the  short  range 
potential  of  the  dots,  and  then  an  electron  is 
bound  by  the  rv)ulomb  field  of  the  hole.  The 
binding  energy  and  the  spatial  extension  of  these 
excitons  remain  bulk-like,  but  tlie  response  of  the 
system  depends  on  the  2D  nature  of  the  isolec- 
tronic  potential.  For  pseudo-smooth  interfaces 
we  can  define  a  mean  potenti;il  with  a  strength 
proportional  tv)  the  quantity  v)f  Zn.  In  this  case 
the  excitonic  transitions  vary  continuously  with 
the  Zn  content.  When  large  size  islands  are  cre¬ 
ated.  the  potential  is  laterally  modulated  over  a 
distance  comparable  to  the  Bohr  radius.  I'he 
e.xciton  energies  are  very  sensitive  to  the  interface 
structures,  and  discrete  excitonic  lines  associated 
with  the  various  configurations  of  the  isoleetrvrnic 
potential  are  observed. 

These  results  demonstrate  the  interest  v)f 
growing  isolecironic  insertions.  Valuable  informa¬ 
tion  on  growth  mechanisms,  interfaces  and  exci¬ 
ton  localization  is  obtained.  Moreover,  the  ab- 
.sence  of  any  interftiee  and  surftices  states  makes 
this  system  extremely  interesting  for  the  study  of 
ultra-small  objects. 


6.  Acknowledgements 

Special  thanks  are  due  to  J.  Allegre  from  the 
University  of  Montpellier  for  the  piezorenectance 
measurements,  to  A.  I'ardot  and  P.  Blanc  for 


55S 


N.  Mii^neu  /Journal  oj  Crystal  Growth  138  i  1994)  550-558 


X-ray  measurement  and  to  P.  Gentile  for  the 
MBE  growth.  J.L.  Pautrat  and  R.T.  Cox  are 
acknowledged  for  critical  reading  of  the  manu¬ 
script. 


7.  References 


[1]  T.  Noda,  J.  Motohisa  and  H.  Sakaki,  Superlatlices  Mi- 
crosiruct.  13  (IW)  41. 

[2]  J.M.  Gerard  and  J.Y.  Marzin.  Phys.  Rev.  Lett.  62  (19S9) 
2172. 

[3]  O.  Brandt.  L.  Tapter.  K.  Ploog.  R.  Bicwolf,  M.  H«>hen- 
stein  and  F.  Philip,  Phys.  Rev.  B  44  ( 1991 )  H043. 

[4]  A.  Ponchel.  G.  Lentz.  H.  Tutfigo,  N.  Magnea.  H.  Mari- 
elte  and  P.  Gentile.  J.  Appl.  Phys.  6S  (1990)  6229. 

[3j  S.  Tatarenko.  unpublished  data. 

th)  J.H.  Neave.  P.J.  Dobson.  B.A.  Joyce  and  J.  Zhang.  Appl. 
Phys.  Lett.  47  (19S.S)  lot). 

[7]  N.  Magnea.  A.  Tardot.  H.  Marieitc  and  N.  Pclckanos. 
Mater.  Sci.  Eng.  B  16  (1993)  71. 

[5]  A.  Tardot.  P.  Gentile  and  N.  Magnea.  Appl.  Phys.  Lett. 
20  (1993)  2.*;48. 

[9]  J.  Singh  and  K.K.  Bajaj.  Appl.  Phys.  Lett.  47  (I9K.S)  .S94. 


(lOj  P.H.  Jouneau.  G.  Feuillel.  H.  Mariette  and  J.  Ciberl. 

Appl.  Phys.  Lett.,  to  be  published. 

[11]  S.  Luryi  and  E.  Suhir.  Appl.  Phys.  Lett.  49(1986)  140. 

112]  J.  Massies  and  N.  Grandjean.  Phys.  Rev.  Lett.,  to  be 
published. 

113]  A.  Bourret.  private  communication. 

114]  H.  Tuffigo.  N.  Magnea.  H.  Mariette.  A.  Wasiela  and  Y. 
Merle  d'Aubigne.  Phys.  Rev.  B  43  (1991)  14629. 

(15]  K.A.  Mader  and  A.  Baldereschi.  in:  Optics  of  Excitons  in 
Confined  Systems.  Inst.  Phys.  Conf.  Ser.  123.  Eds.  A. 
D'Andrea  and  R.  Del  Sole  (Inst.  Phys..  Bristol.  !99|)  pp, 
341-344. 

(16]  A.  Baldereschi  and  J.J.  Hopfield.  Phys.  Rev.  Lett.  28 
(1972)  171. 

(17]  R.  Cingolani.  O.  Brandt.  L.  Tapfer.  (i.  Scamarcio.  G.C. 
La  Rocca  and  K.  Ploog.  Phys.  Rev.  B  42  (1990)  3209. 

(18]  N.  Pelekanos.  Ph.  Peyla.  Le  Si  Dang  and  II.  Mariette. 
Phys.  Rev.  B  48(1993)  1517 

(19]  Ph.  Peyla.  Y.  Merle  d'Aubigne.  A.  Wasiela.  R.  Romes- 
tain.  11.  Mariette  and  M.  Sturge.  Phys.  Rev.  B  46  ( 1992) 
1557. 

(20]  J.  Calatayud.  J.  Allegre.  H.  Mathieu.  M.  Mariette  and  N. 
Magnea.  Phys.  Rev.  B  47  (1993)  9684. 

(21]  B.  Deveaud.  J.Y'.  Emery.  A.  C'homette.  B.  Lambert  and 
M.  Baudel.  Appl.  Phys.  Lett.  45  (1984)  1078. 

(22]  A.  Chometle.  B.  Deveaud.  A.  Regrcny  and  CL  Bastard. 
Phys.  Rev.  Lett.  57  (1986)  1464. 


Jtiurnal  of  Cnslal  (if  awth  1  (S  ( I4ff4f  .-ffia 


1  LSH\  IhK 


...  ,  CRYSTAi- 
GROWTH 
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Abstracl 

L'llrathin  nuamum  wells  (QWs)  and  short  period  superlaltiees  (Sl.s)  of  ZnS/C'dS  were  grown  on  (DPI)  (iaAs 
suhstraies  bv  nioleeuhir  beam  epitaxy  using  elemental  sourees.  The  relaxation  of  the  ZnS  buffer  and  pseudomorphie 
growth  of  CdS  QWs  was  investigated  by  relleetion  high-energy  eleetron  diffraetion.  The  OW  siruelures  with  I  uv  4 
monolayers  emit  photolumineseenee  in  the  ultraviivlet  spectral  region  even  at  room  temperature,  whereas  the  St.s 
emit  in  the  blue  range.  The  SI.  struetures  were  ascertained  by  the  obseixatii'n  of  satellites  in  ,\-ray  iliffraetion 
spectra. 


I.  Introduction 

Since  the  reali/;ttion  of  the  first  hitie-green 
diode  lasers  [1.2]  in  IddI  there  hits  been  a  need 
for  alternative  ;ind  complementary  II- VI  materi¬ 
als  for  optoelectronic  devices  with  hand  gaps  in 
the  blue  and  ttlirtiviolet  (UV)  spectrtil  region. 
Cubic  ZnS  hits  ;i  room  temperatttre  bttnd  gap  of 
.T7  eV  and  is  a  promising  material  for  optoelec¬ 
tronic  ttpplications  in  this  spcctrtil  range  |.4|.  Due 
to  rttpid  advance  in  the  growth  of  II  VI  com¬ 
pounds  in  the  recent  yetirs,  it  is  now  possible  to 
fabricate  ZnS/CdS  quiintum  well  (QW)  [4.5]  and 
superlattice  (SL)  [b.7|  structures  by  molecular 
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be;tm  epitaxy  (MBT)  and  metalorganic  chemical 
vapor  deposition  (MOCVD). 

In  this  paper  we  report  on  the  MBIf  growth  ol 
ZnS/CdS  QWs  anil  Sl.s  with  a  thickness  of  the 
active  layers  of  ;i  few  monohtyers.  I  he  growth  was 
monitoreil  by  relleetion  high-cnergy  electron 
diffraction  (RUHliD)  ;ind  ;i  phtise  diagrtim  lot 
the  surface  reconstruction  of  ZnS  was  estab¬ 
lished.  Photoluminescence  (PI.)  metisurenienls 
were  performed  at  liquid  helium  temperatures 
and  at  room  temper;iture  and  intense  emission 
w;is  detected  :it  wavelength  as  short  ;is  .ISO  nm 
from  a  2  monolayer  CdS  QW.  The  SI.  structures 
were  in  addition  chtiracterized  by  high  resolution 
X-ray  diffraction  (MK.XD)  mciisuremcnts  which 
gives  the  average  httlice  eonsttint  anil  the  exact 
period  of  the  htyers. 
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2.  Experimental  procedure 

The  epitaxial  growth  of  all  SL  and  QW  struc¬ 
tures  was  performed  in  an  MBE  system  designed 
and  constructed  at  University  of  Linz,  especially 
for  growth  of  high  vapor  pressure  ll-VI  com¬ 
pounds.  The  MBE  growth  camber  is  equipped 
with  an  extensive  liquid  N,  cryoshroud  for  effi¬ 
ciently  freeze  out  of  high  vapor  pressure  materi¬ 
als  such  as  sulfur. 

The  MBE  growth  was  carried  out  using  two 
standard  low  temperature  effusion  cells  for  ele¬ 
mental  Zn  and  Cd.  The  Sulfur  effusion  cell  con¬ 
sists  of  independently  heated  effusor  and  post¬ 
heating  zones.  The  S  cell  is  operated  at  about 
IKPC  for  effusor  and  at  about  2(K)®C  for  the 
post-heating  zone,  the  sulfur  beam  equivalent 
pressure  (BEP)  was  in  the  range  of  1  to  2  x  10 
tubar. 

High  purity  elemental  Cd  (7N),  Zn  (6N)  and  S 
(5N)  were  used  as  MBE  source  materials.  The 
heterostructures  were  grown  on  ((KID  GaAs  2° 
misoriented  towards  the  next  [1  lOj  direction.  Each 
substrate  was  delivered  epiready  and  degreased 
in  trichloroethylene,  acetone,  methanol  for  2  min 
at  room  temperature  followed  by  a  2  min  rinse  in 
de-ionized  water.  The  GaAs  substrate  was  heated 
to  about  650°C  in  the  MBE  chamber  for  appro¬ 
priate  time  monitored  by  RHEED  for  oxide  re¬ 
moval  prior  to  film  deposition.  The  surface  re¬ 
construction  of  the  ZnS  layers  was  in-situ  moni¬ 
tored  by  the  3.“'  k  V  RHEED  system  during  growth 
and  a  surface  phase  diagram  was  established.  It 
shows  a  ( 1  X  2)  reconstruction  at  lower  substrate 
temperature  7'j,^  and  higher  beam  pressure  ratio 
Ps/l’/n-  ^  region  where  no  reconstruction  was 
observed  and  at  higher  7,,,^  and  lower  p^/py„  a 
c(2  X  2)  reconstruction  was  detected.  The  sam¬ 
ples  were  grown  at  =  200  to  2.30°C,  in  the 
region  with  no  reconstruction  observable,  which 
is  a.ssigned  to  stochiometric  surface  conditions  [8]. 
In  addition,  at  these  temperatures  the  RHEED 
reflexes  were  streaky.  At  lower  ■^suh  they  showed 
arrow-head  like  shapes,  indicating  a  facetting 
growth  due  to  a  reduced  mobility  of  the  surface 
atoms.  The  growth  rate  was  about  0,1  /xm/h. 

The  MBE  grown  OW  structures  consist  of  a 
1000  A  Zn.S  buffer  on  top  of  the  GaAs  substrate 


followed  by  either  single  CdS  wells  or  multi-QW 
structures  containing  several  CdS  wells  separated 
by  330  A  of  ZnS  barriers  from  each  other.  The 
thickness  of  the  wells  was  varied  from  nominal  I 
to  6  ML  of  CdS,  The  structure  is  completed  by  a 
330  A  ZnS  cap  layer.  In  order  to  get  the  desired 
layer  thickness,  the  growth  rate  was  determined 
from  thickness  measurements  of  layers  with  typi¬ 
cally  1  /rm  thickness  and  from  the  determination 
of  the  periodicity  of  SL  samples  characterized  by 
X-ray  measurements. 

The  SL  structures  were  grown  on  (001)  GaAs 
substrates  and  consist  of  (ZnS)„,/(CdS)„  layers 
with  m  and  n  the  number  of  monolayers  and 
(m//()x/  =  (2/2)x  200,  (3/3)  X  65,  (4/2)  x  200 
and  (9/4)  X  100  for  the  different  samples  where  / 
denotes  the  number  of  repetitions.  Only  the  3/3 
SL  was  grown  on  a  9000  A  ZnS  buffer  layer,  the 
other  SL  structures  were  grown  directly  on  the 
substrate.  The  exact  ratios  of  the  superlattice 
periods  were  determined  by  HR.XD  investiga¬ 
tions  as  will  be  described  below, 

3.  Results  and  discussion 

A  OW  structure  which  contained  I,  3  and  5 
ML  of  CdS  was  investigated  by  RHEED  mea¬ 
surements,  After  completion  of  each  individual 
layer,  the  in-planc  lattice  constant  was  deter¬ 
mined,  the  results  are  shown  in  Fig.  1.  In  order  to 
reach  a  high  accuracy,  the  RHEED  pattern  has 


Layer  Thickness 


Fig.  1.  The  in-planc  lallice  constant,  as  determined  by  RULED 
measurements,  is  shown  tor  the  completion  of  each  layer  as 
indicated  in  the  inset.  After  5  ME  of  CdS  there  is  already  a 
deviation  from  the  ZnS  lallice  constant  observable. 


it.  Bruniholer  ei  ai  /  Journal  of  Crystal  (irowth  US  ( I994>  55^-56,? 


been  photographed  directly  from  the  fluores¬ 
cence  screen.  Then  the  pictures  were  converted 
to  a  photo-CD  so  that  the  patterns  are  accessible 
to  a  computer  aided  analysis.  The  distances  be¬ 
tween  the  RHEED  reflexes  were  determined  with 
a  line-scanning  program  and  give  direct  informa¬ 
tion  about  the  in-plane  lattice  constant. 

As  indicated  in  Fig.  1,  the  lattice  constant  of 
the  1000  A  ZnS  buffer  layer  on  the  GaAs  sub¬ 
strate  is  fully  relaxed  to  the  bulk  value  of  5.410  A. 
After  1  ML  of  CdS  the  RHEED  analysis  gives 
the  same  lattice  constant.  After  an  additional 
buffer  layer  of  330  A  ZnS  the  second  CdS  QW 
with  3  ML  shows  a  lattice  constant  which  seems 
to  be  slightly  larger,  but  the  change  is  below  the 
accuracy  of  the  determination.  The  situation  is 
changed  for  the  ne.xt  layer  sequence  of  330  A 
ZnS  and  5  ML  of  CdS.  On  top  of  the  ZnS  buffer, 
the  lattice  constant  is  again  that  of  bulk  ZnS,  but 
after  deposition  of  5  ML  of  CdS  an  increase  of 
the  inpiane  lattice  constant  of  about  0,02  A  is 
observed.  This  is  larger  than  the  error  bars  indi¬ 
cated  in  Fig.  1.  It  seems  that  due  to  the  large 
difference  in  the  lattice  constants  of  ZnS  and 
CdS  (7.59^  lattice  mismatch)  already  5  ML  of 
CdS  exceed  the  critical  thickness  of  pseudomor- 
phic  growth  conditions.  These  results  arc  in  gtwd 
agreement  with  the  model  of  Van  der  Merwc  and 
Jesser  [9].  Similar  results  that  show  a  partly  relax¬ 
ation  of  ZnSc  and  CdSe  strained  layers  at  about 
4  ML  have  been  obtained  from  HRXD  analysis 
by  Faschinger  et  al.  for  ZnSe/CdSe  SL  [10], 

The  ZnS/CdS  OW  .samples  with  few  monolay¬ 
ers  (ML)  of  CdS  were  also  investigated  by  PL 
measurements  in  order  to  evaluate  their  optical 
quality.  The  UV  lines  of  an  argon  ion  laser  be¬ 
tween  275  and  3(K)  nm  were  used  as  excitation  of 
the  PL,  the  samples  were  mounted  in  a  helium 
bath  cryostat.  Fig.  2a  shows  the  2  K  spectrum  of 
the  sample  which  contains  I,  3  and  5  ML  of  CdS 

o 

separated  by  3.30  A  of  ZnS  barriers.  The  PL  peak 
at  3.62  eV  corresponding  to  I  ML  is  weak,  the  3 
ML  peak  at  3.00  cV  has  a  strong  intensity  and  no 
emission  from  the  5  ML  well  was  observed.  We 
attribute  the  absence  of  the  5  ML  emission  to  a 
poor  crystalline  quality  of  this  well  due  to  a  partly 
lattice  relaxation  of  the  strained  CdS  layer  which 
was  deduced  from  the  RHEED  measurements. 
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Fig.  2.  Phololuminesccncc  spccira  i)l'  the  mulli  siruiliirc 
with  I.  2  and  .5  ML  of  CdS  al  2  K  (a)  and  a  single  OW  sample 
with  2  ML  of  CdS  al  2  K  and  room  lemperature  (h).  Schemes 
of  the  sample  slruclures  are  shown  as  insets. 


The  assignment  of  the  different  peaks  to  the 
ML  width  as  described  above  becomes  clear  if 
one  compares  the  peak  positions  with  the  spec¬ 
trum  of  another  sample  which  contains  a  single  2 
ML  OW  of  CdS  as  shown  in  Fig.  2b.  The  maxi¬ 
mum  of  the  strong  PL  emission  of  the  2  ML 
structure  occurs  at  an  energy  of  3.21  eV  (A  =  3S6 
nm)  at  4.2  K.  the  full  width  at  half  maximum  is 
160  meV.  This  emission  is  in  the  UV  region  of 
the  optical  .spectrum.  The  PL  emi.ssion  was  also 
ob.served  at  room  temperature  and  is  shown  for 
comparison  in  Fig.  2b.  too.  The  RT  emission  line 
is  shifted  to  3.0^  eV  and  is  broadened  to  230 
mcV.  The  energetic  position  of  the  nominal  2.  3 
and  4  ML  CdS  OW's  was  reproducible  from 
sample  to  sample  within  40  meV. 

We  calculated  the  carrier  confinement  ener¬ 
gies  of  the  ZnS/CdS  QWs  within  the  envelope 
wave  function  approach  of  a  Kronig-Penney 
model.  The  calculated  energies  are  compared  with 
experimental  energy  positions  at  4.2  K  for  differ¬ 
ent  ML  widths  in  Fig.  3.  For  the  ZnS  barrier  the 
low  temperature  energy  gap  was  taken  as  3.85 
eV,  the  electron  mass  =  0..34W||.  the  heavy 
hole  mass  Wh  =  0.5W||.  For  the  CdS  well  the 
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Fig.  3.  (  omparison  ol  the  experimental  PL  recombination 
energies  with  the  calculated  Kronig-Penney  energies  versus 
CdS  well  thickness  in  monolayers.  The  excitonic  binding  en¬ 
ergy  is  not  included  in  the  calculated  values. 

curresponding  values  were  =  2.,‘>8  cV,  nt^  = 
().14/>i||  and  //i^  =  ().5W||  [11].  The  eonduction 
band  offset  was  taken  as  ().7.'i  of  the  bandgap 
difference  which  is  a  value  usually  assumed  for 
heterostructures  with  common  anions  [3].  The 
experimental  values  for  I.  2  and  3  ML  wells  arc 
taken  as  obtained  from  the  measurements  de¬ 
scribed  above,  the  4  ML  value  was  taken  from  an 
additional  sample  which  is  not  described  in  detail 
here. 

As  can  be  seen  in  Fig.  3.  the  calculated  ener¬ 
gies  are  higher  than  the  measured  ones.  In  the 
calculation,  the  e.xcitonic  binding  energy  is  not 
included,  which  means  that  a  value  of  5(1  to  IIHI 
meV  should  be  subtracted.  In  bulk  ZnS  the  exci¬ 
tonic  binding  energy  is  40  meV,  in  CdS  the  value 
is  28  meV  [12.13].  In  narrow  OWs,  the  electron 
and  hole  wavefunction  have  some  propagation 
into  the  barrier  and  the  binding  energy  should  be 
considered  as  a  combined  value  of  ZnS  and  CdS. 
In  addition,  there  is  a  large  confinement  effect  in 
narrow  QWs,  which  increases  the  binding  energy 
up  to  a  factor  of  4  compared  to  bulk  values. 
Nevertheless,  in  our  case  the  binding  energy  of 
the  excitons  can  not  account  for  the  difference 
between  calculated  and  measured  recombination 
energies,  because  at  I  ML  the  difference  is  only 
about  40  meV  whereas  it  increases  up  to  about 
250  meV  for  the  4  ML  OW  which  is  clearly  larger 
than  the  excitonic  binding  energy. 


We  also  varied  the  values  of  the  conduction 
band  offset  and  the  effective  masses  for  electrons 
and  holes  in  the  Kronig-Penney  calculation,  but 
within  reasonable  values  no  coincidence  could  be 
achieved.  One  reason  for  the  difference  may  be 
due  to  strain  induced  changes  of  the  band  gap 
energies,  which  were  not  taken  into  account  in 
our  calculations  [6]. 

The  ZnS/CdS  SL  samples  grown  by  MBE 
were  investigated  by  HRXD.  There  clearly  ap¬ 
pear  the  peaks  of  (002)  for  GaAs  substrate  and 
zero-order  diffraction  with  satellite  reflections 
from  the  (ZnS)„,/(CdS)„  structure  indicating  the 
periodicity  of  the  short  period  SL  structure.  The 
spacing  which  means  the  average  lattice  con¬ 
stant  of  a  unit  cell  of  ZnS/CdS  SL  was  calculated 
from  the  zero-order  peak  in  the  X-ray  diffraction 
spectrum  of  each  (ZnS),„/(CdS)„  SL.  assuming 
Vegard's  law  [14].  The  experimental  results  of 
are  in  good  agreement  with  those  predesigned. 
The  well  and  barrier  layer  thickness  were  esti¬ 
mated  from  the  n  =  ±  \  satellite  peak  around  the 
zero-order  peak.  The  spectra  were  simulated  by  a 
computer  program  [15]  for  the  assumptions  of 
freestanding,  pseudomorphic  and  fully  relaxed  SL. 
The  experimental  value  for  the  lattice  constant  is 
close  to  the  simulated  ones  for  a  freestanding  SL. 
but  the  value  for  fully  relaxed  layers  is  similar. 
However,  the  calculation  for  the  pseudomorphic 
case,  where  all  layer  have  the  same  in-plane 
lattice  constant  as  the  GaAs  substrate,  gives  a 
clearly  different  value. 

Fig.  4  shows  the  2  K  PL  spectra  of  our 
(ZnS), /(CdS),  and  (ZnS)4/(CdS);  superlattice 
samples.  The  recombination  energy  of  the  3/3 
SL  is  2.77  eV  and  has  a  width  of  62  meV.  the  PL 
line  of  the  4/2  is  at  2.82  cV  and  has  a  width  of  80 
meV.  The  smaller  width  of  the  3/3  SL  might  be 
due  to  the  additional  buffer  layer  of  9(XK)  A  ZnS 
which  is  absent  in  the  4/2  SL  sample.  The  whole 
PL  signal  comes  from  the  intense  SL  line,  there  is 
no  luminescence  at  the-band  gap  energy  of  ZnS 
or  CdS.  A  Kronig-Penney  calculation  gives  ener¬ 
gies  of  3. 10  and  3.3 1  eV  for  the  3/3  and  4/2  SLs. 
re.spectively.  which  are  0.33  and  0.49  eV  larger 
than  the  measured  values.  These  large  differ¬ 
ences  are  not  clear  yet. 
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Fig.  4.  Photoluminscence  spectra  of  (a)  (ZnSfj/fCdS),  and 
(h)  (ZnS),(CdS),  superlattice  structures  at  2  K.  The  iasets 
show  the  sample  schemes. 

4.  Conclusion 

We  have  demonstrated  that  ZnS/CdS  OWs 
with  1  to  4  monolayers  of  CdS  give  photolumines¬ 
cence  emission  in  the  UV  spectral  region.  The 
emission  was  observed  at  2  K  and  at  rtxrm  tem¬ 
perature  as  well.  By  in-situ  RHEED  measure¬ 
ments,  a  relaxation  of  the  in-plane  lattice  con¬ 
stant  was  observed  for  a  QW  thickness  of  only  5 
ML.  Superlattice  structures  showed  photolumi¬ 
nescence  in  the  blue  spectral  region,  their  lattice 
relaxation  was  investigated  by  HRXD  and  model 
calculations  indicate  that  the  structures  are  partly 
relaxed. 
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Abstract 

Wc  have  invesiigateii  the  phenomenon  of  layer  disordering  in  CdZnSe/ZnSe  strained  layer  superlattiees  (Sl.Ssi 
by  Ge  diffusion  and  have  fabricated  CdZn.Se/ZnSe  optical  waveguides  using  the  Ge-indueed  disordering.  Both  the 
as-grown  sample  and  the  sample  annealed  without  a  Ge  layer  showed  several  orders  of  well-resolved  double  crystal 
X-ray  satellite  peaks  due  to  SLS  periodic  structure.  However,  the  satellite  peaks  completely  disappeared  in  the 
Ge-diffused  sample,  indicating  that  the  SLS  structure  was  disordered  by  the  Ge  diffusion  and  not  by  the  annealing 
process.  PL  measurements  at  1.4  K  of  both  the  as-grown  and  the  annealed  samples  without  Ge  diffusion  show 
intense,  sharp  excitonic  emission  around  48.3  nm  in  CdZnSe/ZnSe  SLS.  After  Ge  diffusion,  the  PL  peaks  shift  to 
higher  energy  confirming  the  layer  disordering  of  the  SLS.  The  blue  shift  due  to  disordering  was  also  observed  in  the 
PL  at  room  temperature  (RT).  The  optical  guided  mode  in  the  SLS  guiding  layer  confined  by  the  disordered  alloy 
was  confirmed.  Lateral  optical  confinement  in  the  stripe  geometry  laser  was  also  confirmed  by  observing  the  RT 
stimulated  emission  produced  by  optical  pumping. 


I.  introduction 

Wide  bandgap  II-VI  materials  such  as  ZnSe 
and  CdZnSe  have  drawn  much  attention  because 
of  their  application  for  blue  laser  diodes.  The 
first  blue-green  laser  diodes  were  reported  by 
Haa.se  et  al.  and  Jeon  et  al.  using  a  CdZnSc 
quantum  well  active  layer  [1.2],  and  the  blue  laser 
diode  was  also  reported  by  Okuyama  el  al.  using 
a  ZnSe  quantum  well  active  layer  [.3].  The  devel¬ 
opment  of  a  variety  of  laser  processing  techniques 
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is  one  of  the  important  issues  for  realizing  room 
temperature,  continuous-wave  operation  of 
ZnSe-based  laser  diodes.  One  such  technique, 
impurity-induced  disordering  (HD)  of  semicon¬ 
ductor  quantum  well  (QW)  lieterostructures,  has 
proven  to  be  extremely  seful  for  patterning  the 
refractive  index  and  b.mdgap  in  the  plane  of  the 
JII-V  QW  layers  [4-7],  The  IID,  particularly 
using  Zn  and  Si  diffusion,  is  now  routinely  used 
in  the  GaAs/AlGaAs  system.  Optical  wave¬ 
guides.  heterostructurc  lasers  and  heterojunction 
bipolar  transistors  have  been  realized  by  llD.  The 
disordering  of  ZnSe/ZnS  strained  layer  superlat- 
ticcs  fSLSs)  has  previously  been  demonstrated  by 
Yokogawa  et  al.  using  N  *  or  Li '  ion  implanta- 
'ion  [8].  Ion  implantation  alone  at  rcxim  tempera- 
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ture  with  light  mass  ions  (e.g.,  N,  Li,  or  Si)  does 
not  form  a  high  quality,  disordered  alloy;  the 
subsequent  heating  is  needed  to  cause  the  an¬ 
nealing  of  implantation  damage  and  the  layer 
disordering.  Impurity  diffusion  is  also  capable  of 
enhancing  the  layer  disordering,  as  clearly 
demonstrated  in  the  III-V  compounds.  However, 
to  date  there  are  no  reports  of  similar  disordering 
in  CdZnSe/ZnSe  heterostructures  by  impurity 
diffusion.  In  this  work,  our  objectives  are  to  study 
the  disordering  phenomena  in  CdZnSe/ZnSe 
SLSs  by  Ge  diffusion  and  the  properties  of  opti¬ 
cal  waveguides  in  this  system  using  Ge-induced 
disordering.  This  is  a  very  important  case  because 
of  the  laser  results  cited  above. 


2.  Experimental  procedure 


ZnSe  Cap  Layer 
( 1  OOnm) 


Cdo^Zrios  Se  (10  nm) 
-  ZnSe  (20  nm) 

X  10 

Strained  Layer 
Superlattice 


ZnSe  Buffer  layer 
( 1  500  nm) 


( 100)  GaAs  Substrate 


Fig.  1.  The  (  dZnSe/ZnSe  SLS  structure  used  for  the  disor¬ 
dering  cxperimenis.  The  CdZnSe/ZnSe  sample  consisted  of  a 
ten  period  superlattice  of  alternating  10  nm  ('d,Zn|  ,Se 
(  .V  =  0.2)  and  20  nm  ZnSe  layers. 


CdZnSe/ZnSe  SLSs  were  grown  by  molecular 
beam  epita,\y  with  elemental  sources  of  Zn,  Cd. 
and  Se.  The  growth  temperature  was  250°C.  The 
sample  surface  was  monitored  by  reflection  high- 
energy  electron  diffraction  (RHEED)  at  1(1  keV. 
The  composition  .v  of  the  Cd,Zn,_,Se  alloy  was 
determined  by  assuming  a  linear  variation  of  the 
lattice  constant  with  .v  (Vegard's  law),  and  also 
confirmed  by  energy-dispersive  X-ray  fluores¬ 
cence  analysis.  Details  of  the  crystal  growth  were 
reported  elsewhere  [9].  The  structure  used  for  the 
disordering  experiments,  shown  in  Fig.  I.  was 
grown  on  a  ( KKl)  GaAs  substrate  and  consisted  of 
a  ZnSc  buffer  layer  (l..‘i  ^fn)-  u  periinJ  super- 
lattice  of  alternating  10  nm  Cd,Zn,  ,Se  l.r  =  0.2) 
and  20  nm  ZnSe  layers,  and  a  ZnSe  capping  layer 
(0.1  /a.m)  to  prevent  the  degradation  of  crystalline 
quality  of  the  SLS  during  Ge  diffusion  and  an¬ 
nealing. 

A  2.*'  nm  germanium  layer  was  deposited  on 
top  of  the  structure,  followed  by  a  60  nm  SiO, 
film.  The  Ge  diffusion  was  carried  out  at  6(M)°C 
for  4..^  h  in  a  Se  ambient  atmosphere. 

The  samples  for  disordering  experiments  were 
studied  using  double  crystal  X-ray  diffraction  and 
photolumincsccnce  (PL)  measurement  at  both  1.4 
K  and  nwm  temperature.  The  X-ray  rwking 
curves  were  obtained  for  symmetric  (4(K))  reflec¬ 
tions  using  a  CuKa,  line  (A  =  0.1540.5  nm).  Be¬ 


fore  the  PL  measurements,  the  SiO.  and  Ge 
layers  on  the  II- VI  materials  were  chemically 
etched  by  HE  and  CFj  plasma,  respectively.  A 
Hc-Cd  laser  (.425  nm)  with  an  intensity  of  5  mW 
and  a  N,  pulsed  laser  (.4.47  nm.  .4  ns  and  .40  Hz) 
was  used  as  the  excitation  source  of  PL  measure¬ 
ments.  The  optical  waveguides  were  character¬ 
ized  at  6.42. S  nm  wavelength  by  coupling  the 
beam  of  a  He-Ne  laser  through  their  cleaved 
edge  and  examining  their  cleaved  output  facet 
using  a  TV  camera. 


3.  Results  and  discussion 

.4.  /.  Layer  disordering  of  CdZnSe  /  ZnSe  SLS 

CdjZn,  ,Se/ZnSc  interdiffusion  was  investi¬ 
gated  by  double  crystal  X-ray  diffractometry.  Fig. 
2  .shows  the  rocking  curves  (a)  for  the  as-grown 
CdjZn,  ,Sc/ZnSe  SLS  (not  annealed),  (b)  for 
the  as-grown  Cd.Zn,  ,Se/ZnSe  SLS  (annealed), 
and  (c)  for  the  Ge-diffused  SLS.  Several  orders  of 
well-resolved  satellite  peaks  are  clearly  observed 
in  Figs.  2a  and  2b,  due  to  the  periodic  structure 
of  the  SLS.  The  angular  separation  of  adjacent 
diffraction  satellites,  calculated  for  the  .40  nm 
thick  period  of  the  superlattice  [10,11],  is  6,41.6 
arc  sec.  which  is  in  gcxtd  agreement  with  the 
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Fig.  a.  X-ray  rocking  curves  (a)  for  the  as-grown 
C'd.Zn,  ,Se/ZnSe  SLS,  (b)  for  the  annealed  SLS  without 
the  Ge-diffusion  (h(MI°C,  4.,s  h),  and  (c)  for  the  Ge-diffused 
SLS. 


experimental  result  in  Figs.  2a  and  2b.  However, 
the  satellite  peaks  completely  disappeared  in  the 
Ge-diffused  SLS,  as  shown  in  Fig.  2c.  This  indi¬ 
cates  that  the  SLS  structure  was  disordered  by 
the  Ge  diffusion. 

PL  measurements  at  1.4  K  were  carried  out  in 
order  to  investigate  the  change  of  the  effective 
energy  gap  with  disordering.  Fig.  3  shows  PL 
spectra  (a)  from  the  as-grown  Cd ,  Zn ,  ,Sc/ZnSe 
SLS;  (b)  from  the  annealed  SLS  without  the 
Ge-diffusion  (btHPC,  4..‘>  h);  (c)  from  the  Gc  dif¬ 
fused  top  surface  of  the  ZnSc  capping  layer  on 
the  SLS;  and  (d)  from  the  Ge-diffused  SLS  in 
which  the  ZnSe  capping  layer  was  removed  by  a 
HCI  etchant.  PL  measurements  of  both  the  as- 
grown  and  the  annealed  samples  without  Ge  dif¬ 
fusion  show  intense,  sharp  excitonic  emission 
around  48.3  nm.  This  indicates  that  the  SLS  struc¬ 
ture  is  stable  against  the  thermal  annealing  pro¬ 
cess.  The  PL  spectrum  shown  in  Fig.  .3c  is  charac¬ 
terized  by  a  dominant  deep  level,  which  is  due  to 
the  high  concentration  of  Ge  impurities  as  well  as 
surface  degradation  of  the  top  ZnSe  capping 
layer.  However,  when  the  ZnSc  capping  layer  was 


removed  after  the  Ge  diffusion,  the  PL  again 
showed  excitonic  emission  (E)  and  D-A  pair 
emission  with  a  phonon  replica;  the  deep  level 
emission  intensity  decreased  significantly.  The  ex¬ 
citonic  peak  (E)  was  located  at  451.4  nm  (2.747 
eV),  which  is  about  6  meV  below  the  band  gap 
(450.4  nm;  2.753  eV)  estimated  in  the  completely 
di.sordered  Cd,Zn|_,Se  alloy  with  composition 
X  =  0.067.  This  excitonic  peak  (E)  position  occurs 
at  a  much  lower  wavelength  than  the  expected  I 
line  position  of  the  pure  ZnSe  [12].  It  is  therefore 
thought  that  the  excitonic  line  (E)  of  451.4  nm  is 
related  to  the  band  edge  of  the  disordered 
Cd.Zn,  ,Se  alloy.  These  results  therefore  indi¬ 
cate  that  the  observed  large  blue  shift  between 
the  a.s-grown  SLS  and  the  Ge-diffused  Sl.S  is  a 
result  of  layer  disordering  of  the  SLS. 

The  donor-acceptor  (D-A)  pair  emission  at 
467.1  nm  (2.65  eV).  with  its  phonon  replicas, 
might  be  related  to  the  Ge  impurity  or  its  com¬ 
plex.  Generally,  the  D-A  pair  emission  of  ZnSe 
is  located  at  2.697  eV.  Thus,  the  observed  D-A 
pair  emission  is  also  below  the  usual  D-A  pair 
emi.ssion  peak  of  ZnSe.  which  shows  that  the 
bandgap  of  the  Ge-diffused  SLS  is  slightly  smaller 
than  the  bandgap  of  pure  ZnSe  due  to  Cd  incor- 


Hg.  PI.  spectra  (a)  from  the  as-grown  ('d,Zn,  , Sc /ZnSc 
SLS,  (b)  from  the  annealed  SLS  without  (ic  diffusitm  (6tH) 

4.5  h),  (c)  from  the  (ic-diffused  top  surface  of  the  ZnSe 
capping  layer  on  the  SLS.  and  (d)  from  the  (tc-diffused  SLS 
after  the  ZnSe  capping  layer  wiis  removed  by  etching  in  H(1 
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Fig.  4.  PL  spectra  (a)  from  the  edge  facets  of  the  slab 
as-grown  CdZnSe/ZnSe  SLS  at  high  pump  intensity  above 
threshold,  (h)  from  the  edge  facets  of  the  slab  as-grown  SI.S 
at  low  pump  intensity  below  threshold,  (c)  from  the  Ge-dif- 
fused  .SLS,  and  (d)  from  the  edge  facets  of  the  stripe  geometry 
laser  defined  by  IIP  at  high  pump  intensity  above  threshold. 
The  inset  shows  emission  intensity  as  a  function  of  pump 
intensity. 

poration.  The  separation  of  the  phonon  replicas 
was  about  30  meV,  close  to  but  slightly  below  the 
LO  phonon  energy  of  ZnSe  (31.3  meV). 

PL  measurements  at  room  temperature  <RT) 
were  carried  out  using  a  N,  pulsed  laser  as  the 
excitation  source  in  order  to  confirm  the  blue 
shift  due  to  disordering  and  the  optically-pumped 
laser  oscillation.  Fig.  4  shows  PL  spectra  (a)  from 
the  edge  facets  of  the  slab  as-grown  CdZnSc/ 
ZnSe  SLS  at  high  pump  intensity  above  thresh¬ 
old.  (b)  from  the  edge  facets  of  the  slab  as-grown 
SLS  at  low  pump  intensity  below  threshold,  and 
(c)  from  the  Ge-diffused  SLS.  The  inset  in  Fig.  4 
shows  emission  intensity  as  a  function  of  pump 
intensity.  PI.  measurement  of  the  as-grown  SLS 
at  low  pump  intensity  shows  a  broad  emission 
around  .“itK)  nm,  which  is  the  spontaneous  emis¬ 
sion.  At  high  pump  intensity  above  threshold,  a 
sharp  peak  appears  at  a  wavelength  of  .314.8  nm 
(2.4(W  eV).  as  shown  in  Fig.  4a.  A  slight  red  shift 


was  observed,  which  may  be  due  to  a  heating 
effect.  This  peak  has  a  full  width  at  half-maxi- 
mum  of  9  meV.  The  spectral  narrowing  and  the 
steep  rise  of  the  emission  indicate  lasing.  After 
the  Ge  diffusion,  the  large  blue  shift  of  the  emis¬ 
sion  was  observed,  as  shown  in  Fig.  4c.  The 
emission  peak  in  the  Ge-diffused  SLS  was  lo¬ 
cated  at  469.2  nm  (2.643  eV),  which  is  in  good 
agreement  with  the  band  gap  estimated  in  the 
completely  disordered  Cd^Zn,  ,Se  alloy  with 
composition  .v  =  0.067. 

3.2.  Optical  ware^uidex  fabricated  iisin.^  layer  dis¬ 
ordering 

CdZnSe/ZnSe  optical  waveguides  were  fabri¬ 
cated  using  the  Ge-induced  disordering  in  the 
superlattices.  The  layer  structure  used  for  the 
optical  waveguide  was  grown  on  a  (100)  GaAs 
substrate  and  consisted  of  a  ZnSe  bottom  layer 
(1.5  /am),  a  ten  peritvd  superlattice  of  alternating 
10  nm  Cd,Zn|  ,Se  (.t  =0,2)  and  20  nm  ZnSe 
layers,  and  a  ZnSe  top  layer  (0,1  /um).  In  order  to 
confirm  the  vertical  confinement  of  the  guided 
wave  in  the  CdZnSe/ZnSe  layer  structure,  the 
distribution  of  the  guided  field  was  calculated  at 
a  wavelength  of  both  633  nm  and  515  nm.  The 
refractive  indexes  used  for  C'd,,  .Zun^Se  and  ZnSe 
were  2.940  and  2,580  at  633  nm  and  3.086  and 
2.710  at  515  nm.  respectively.  Fig.  5  shows  the 
distribution  of  the  guided  field  (TE  polarization) 
calculated  at  the  wavelength  of  (a)  633  nm  and 
(b)5l5  nm.  These  distributions  indicate  that  the 
waveguide  is  single  mode  at  both  633  nm  and  515 
nm.  Laterally  confined  optical  waveguides  were 
formed  by  photolithography  and  IlD.  Fig.  6a 
shows  the  schematic  diagram  of  the  CdZnSc/ 
ZnSe  SLS  optical  waveguide  fabricated  by  Ge-in¬ 
duced  disordering.  20  /am  wide  photoresist  stripes 
were  first  formed  on  the  material.  Then,  a  25  nm 
thick  Ge  film  was  deposited  onto  the  wafer  and 
diffusion  windows  were  obtained  through  a  lift-off 
pnK'css.  Next,  a  60  nm  thick  SiO.  film  was  de¬ 
posited  onto  the  samples  and  Ge  diffusion  was 
carried  out  at  6(K)°r  for  4.5  h. 

The  optical  waveguides  were  characterized  at 
6.3.3  nm  wavelength  by  coupling  the  beam  of  a 
Hc-Nc  laser  through  their  cleaved  edge  and  ex- 
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amining  the  cleaved  output  facet  using  a  vidicon 
camera.  Fig.  6b  shows  the  near-field  distribution 
of  the  guided  light.  The  optical  confinement  of 
the  waveguide  fabricated  using  disordering  was 
confirmed  although  the  waveguide  exhibited 
multi-mode  behavior.  This  result  indicates  that 
the  superlattice  in  the  guiding  stripe  is  confined 
in  the  lateral  direction  by  the  disordered  mate¬ 
rial.  which  has  a  larger  band  gap  and  smaller 
refractive  index  than  the  non-disordered  mate¬ 
rial. 

The  stimulated  emission  produced  by  optical 
pumping  was  also  investigated  in  the  stripe  geom¬ 
etry  laser  defined  by  IlD.  The  structure  of  the 
stripe  geometry  laser  defined  by  II D  is  the  same 
structure  as  the  waveguide  shown  in  Fig.  6a.  Fig. 
4d  shows  a  PL  spectrum  from  the  edge  facets  of 
the  stripe  geometry  laser  defined  by  IID  at  high 
pump  intensity  above  threshold.  A  N,  pulsed 
laser  was  used  as  the  excitation  source.  The  inset 


hig,  5  Disirihutlon  of  the  guid(;d  field  (Tt-  polarizafion) 
lakiilatcd  <il  wavelengths  of  (a)  h.t.t  nm  and  (b)  -S|.S  nm. 
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Fig.  b.  (a)  .Schematic  diagram  of  the  CdZnSe /ZiiSe  SI  S 
optical  waveguide  fabricated  by  (le-induced  disordering  and 
(b)  near-field  distribution  observed  at  the  I'utput  lacel  tor  ,i 
b,t2..s  nm  wiivelength.  Miirker  represents  It)  pm. 


in  Fig.  4  shtiws  emission  intensity  its  a  function  of 
pump  intensity.  The  sharp  narrt'wing  and  the 
steep  rise  of  the  emission  were  observed  in  the 
emi.ssion  from  the  stripe  geometrv  l.iser  defined 
by  IID.  In  the  laterally  confined  sirueture  with  a 
cavity  length  of  .400  ^m.  lasing  occurred  at  a 
wavelength  of  .426.4  nm  at  RT.  Comparing  with 
the  slab  as-grown  CdZnSe/ ZnSe  SLS.  a  slight 
red  shift  was  observed,  which  may  be  also  due  to 
a  heating  effect. 


4.  Conclusion 

We  have  demonstrated,  for  the  first  time,  dis¬ 
ordering  of  CdZnSe/ ZnSe  SLSs  by  Gc  diffusion. 
As-grown  samples  showed  several  orders  of  well- 
resolved  satellite  peaks  due  to  the  SLS  periodic 
structure.  Flowever.  the  satellite  peaks  completely 
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disappeared  in  Ge-diffused  samples,  indicating 
that  the  SLS  structure  became  disordered  by  the 
Gc  diffusion.  Low-temperature  PL  measurements 
of  both  as-grown  samples  and  samples  annealed 
without  Ge  diffusion,  show  intense,  sharp  exci- 
tonic  emission  around  483  nm  in  CdZnSe/ZnSe 
SLSs,  respectively.  In  Ge-diffused  samples,  how¬ 
ever.  we  observed  a  large  blue  shift  of  the  PL 
peak  of  the  Ge  diffused  sample,  indicating  layer 
disordering  of  the  SLS  by  the  Ge  diffusion.  PL 
measurements  at  RT  also  sho-.v  a  large  blue  shift 
due  to  disordcriiife.  Tiie  guided  mode  in  the  su- 
perlaiiice  guiding  layer  confined  by  the  disor¬ 
dered  alloy  was  confirmed  and  optically-pumped 
la.ser  o.scillation  was  obtained  in  the  stripe  geom¬ 
etry  laser  defined  by  I  ID. 
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Abstract 

I'ltraviolet  stimulateci  emission  has  been  observed  from  CdjZn,  ,S-ZnS  strained- layer  multiple  quantum  wells 
under  both  optical  pumping  at  room  temirerature  and  pulsed  current  injection  at  30  K.  An  exciton-relaled 
mechanism  of  optical  gain  formation  was  also  studied  on  the  basis  of  a  partial  phase-space-filling  effect  of  excitons 
localized  at  the  lower  energy  slates  of  inhomogencously  broadened  exciton  resonance.  It  is  proposed  that  the 
localization  of  excitons  contributes  to  the  formation  of  optical  gain  in  wide-bandgap  II-VI  semiconductor  quantum 
wells. 


I.  Introduction 

The  most  exciting  optoelectronic  applications 
for  wide-bandgap  II-VI  ctimpound  semtconduc- 
ttirs  are  injection  laser  diodes  and  light-emitting 
diodes  operating  in  short  wavelength  regions.  Re¬ 
cent  achievement  of  blue-green  injection  laser 
diodes  oased  on  C'd,Zn,  ,Se-ZnSe  quantum 
well  (QW)  structures  embedded  in  a  ZnSc  p-n 
junction  [1.2]  has  significantly  triggered  much  in¬ 
terest  in  this  research  field  tif  both  basic  physics 
and  device  applications.  One  of  the  physical  in¬ 
terest  is  the  laser  action  which  is  based  on  exci¬ 
tonic  rather  than  electron-hole-plasma  transi¬ 
tions.  Kxcitons  in  the  wide-bandgap  II-VI  com¬ 
pound  semiconductors  are  characterized  by  a 
large  binding  energy  and  o.sciliator  strength.  As 
for  ZnS.  which  has  a  large  bandgap  energy  of 
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about  .3.7.3  eV  at  room  temperature,  the  binding 
energy  of  the  cxciton  reaches  to  about  4(1  meV. 
This  value  is  approximately  one  order  of  magni¬ 
tude  larger  than  that  of  GaAs.  and  is  also  compa¬ 
rable  to  the  LO  phonon  energy  (/tw,  nieV). 

Therefore,  it  is  expected  that  quasi-two-dimen¬ 
sional  excitons  in  ZnS-based  OWs.  such  as 
C'd,Zn,  ,S-ZnS  systems  where  excitons  arc 
formed  into  the  terntiry  alloy  Cd^Zn,  ,S  well 
layers,  have  very  large  binding  energy  due  tti  the 
effect  t)f  quantum  confinement  and  that  the  exci- 
ton  binding  energy  e.xcecds  the  l.O  phonon  en¬ 
ergy.  In  fact,  our  calculations,  which  are  based  on 
the  correlation  between  the  well  layer  thickness 
and  the  Bohr  radius  of  bulk  excitons  [3].  give  the 
binding  energy  as  large  as  66  meV  in  a 
Cd„  ,,Zn|,xuS-ZnS  QW  with  the  well  layer  thick¬ 
ness  of  4.1  nm.  Such  situation  makes  it  possible 
to  reduce  the  exciton-LO  phonon  coupling  [4], 
As  a  result,  pronounced  excitonic  effects  can  be 
observed  even  at  room  temperature  in  spite  of 
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the  much  stronger  exciton-LO  phonon  coupling 
in  the  wide-handgup  Il-Vl  materials  compared 
to  that  in  111-V  materials. 

This  paper  describes  the  first  observation  of 
ultraviolet  stimulated  emission  taken  from 
Cd^Zn,  ,S-ZnS  strained-layer  multiple  quan¬ 
tum  wells  (MQWs)  under  both  optical  pumping 
at  room  temperature  and  pulsed  current  injection 
at  30  K.  It  is  also  shown  that  an  exciton-related 
mechanism  of  optical  gain  formation  can  well  be 
e.xplained  by  considering  a  partial  phase-space- 
filling  effect  of  localized  excitons  and  population 
inversion  of  these  localized  excitons  at  the  lower 
energy  states  of  inhomogeneou.sly  broadened  ex- 
citon  resonance.  Such  gain  formation  due  to  exci- 
ton  localization  was  previously  reported  by  Ma- 
jumder  et  al.  as  for  disordered  CdS,Se,_,  sys¬ 
tems  [5]. 


2.  MOeVD  growth  and  laser  structures 

Cubic-structured  Cd,Zn, .  ,S-ZnS  MQWs 
were  grown  by  a  low-pressure  metalorganic  chem¬ 
ical  vapor  deposition  (MOCVD)  method  with  all 
gaseous  sources  [6.7].  For  optical  pumping  experi¬ 
ments.  the  MOW  layers  were  grown  on  semi-in¬ 
sulating  (l(M))-orientcd  GaAs  substrates,  follow¬ 
ing  the  deposition  of  a  1.5  /rm  thick  ZnS  buffer 
layer.  The  MOW  structures  consist  of  50  periods 
of  4.1  nm  thick  Cd,Zn|  ,S  well  layers  separated 
by  S.l  nm  thick  ZnS  barrier  layers.  For  observa¬ 
tion  of  stimulated  emission,  the  samples  were 
cleaved  to  approximately  1  mm  long  resonators 
with  uncoated  facets  and  were  excited  perpendic¬ 
ular  to  the  MOW'  layer  plane. 

The  laser  diode  (LD)  structure  was  fabricated 
on  ( l(H))-oriented  n'-GaAs  substrates,  following 
the  deposition  of  a  2  ^m  thick  n-type  ZnS  layer 
doped  with  iodine.  The  active  layer  was  a  MOW 
structure  consisting  of  10  periods  of  4.1  nm  thick 
Cd|,  ,|Zn„„,,S  well  layers  separated  by  8.1  nm 
thick  ZnS  barrier  layers.  This  MOW  structure 
was  embedded  in  a  p-n  junction  made  from  ZiiS 
layers  doped  with  sodium  acceptors  and  iodine 
donors.  The  carrier  concentrations  of  sodium  ac¬ 
ceptors  and  iodine  donors  were  estimated  to  be 
approximately  I  x  10"’ and  1  x  10'“' cm  ’atrtKim 
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Fig.  1.  Roiim-temperalure  ullraviiilei  siimulated  cmissii^n 
spettra  (SE.  UutlecJ  linus)  ohscrseil  uiulcr  reMinani  cvvcitalion 
of  each  exrilonic  absorplum  peak  shown  a.-  Ihe  vertical  arrow 
in  Cd.Zn,  ,S  ZnS  MOWs:  (a)  ,v  =  11.11;  (bl  ,i  =  ll.::;  (e) 
.1  =((.,11.  Absorption  spectra  (,ABS.  solid  lines)  and  phololn- 
minescence  spectra  (PL.  dashed  lines)  from  the  front  face  of 
the  samirle  are  also  shown. 

temperature,  respectively,  both  of  which  were 
confirmed  by  means  of  Hall  measurement.  Gain- 
guided  lasers  were  fabricated  using  evaporated 
Au  electrodes  as  the  ohmic  contact  on  the  p-type 
ZnS ;  Na  layer.  Current  confinement  was  achieved 
with  15  Mtn  wide  stripes  in  a  SiO;  insulator  layer 
and  I  mm  long  cleaved  resonator.  A  Au-Ge 
electrode  was  used  as  the  ohmic  contact  on  the 
n  ’-GaAs  substrate. 


3.  Experimental  results  and  discussion 

Fig.  1  demonstrates  room-temperature  ultravi¬ 
olet  stimulated  emission  spectra  (SE,  dotted  lines) 
taken  from  optically-pumped  Cd,Zn,  ,S-ZnS 
MQWs:  (a)  x  =  ().ll,  (b)  .r  =  (1.22.  and  (c)  .v  = 
0.31.  Absorption  spectra  (ABS,  solid  lines)  and 
photoluminesccnce  spectra  (PL,  dashed  line' )  ob¬ 
served  from  the  front  face  of  the  sample  are  also 
shown  in  this  figure.  Each  stimulated  emission 
spectrum  was  observed  under  resonant  excitation 
of  the  excitonic  absorption  peak  shown  as  the 
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l  ig.  2.  V’oltagc-Ncrsus-curroni  characteristics  at  30  K  for  an 
injection  diode  based  on  a  Cd,,  ^jZnn^.,S-ZnS  MOW.  The 
inset  shows  the  spontaneous  emission  Oa).  dashed  line)  and 
stimulated  emission  ((b).  solid  line)  spectra  at  S  and  .3X  V. 
respectively. 


vertical  arrt)w  hy  employing  the  second  harmonic 
light  of  a  dye  laser  pumped  by  a  frequency-dou¬ 
bled  (^-switched  Nd'*.YAG  laser.  The  peak 
positions  of  each  stimulated  emission  are  located 
at  (a)  .T^7.2  nm,  (b)  .■^74.‘f  nm.  and  (c)  .W().2  nm, 
and  the  threshold  excitation  powi'r  densities  for 
each  stimulated  emission  are  estimated  to  be 
approximately  (a)  46  kW/cm’,  (b)  64  kW/cm', 
and  (c)  7d  kW/cm^  It  should  particularly  be 
noted  that  each  peak  position  of  the  stimulated 
emission  is  located  at  lower  energies  compared  to 
the  absorption  and  photoleminescencc  peaks.  The 
energy  separation  between  the  absorption  and 
photoluminescence  peaks  is  related  to  the  Stokes 
shift  which  becomes  large  with  increasing  Cd 
compt)sition  x.  This  originates  from  IcKalizalion 
of  excitons  towards  the  lower-cncrgy  states  in  the 
inhomogencously  broadened  exciton  resonance. 

F-’ig.  2  shows  the  voltage-versus-currenl  charac¬ 
teristics  at  .ft)  K  for  the  laser  diode  structure 
mentioned  above.  The  pulse  width  and  the  repe¬ 
tition  rate  were  ."^tMI  ns  and  4  Hz,  respectively. 
The  inset  shows  the  spontaneous  emission  ((a), 
dashed  line)  and  stimulated  emission  ((b),  solid 
line)  spectra.  Spontaneous  electroluminescence 
was  obtained  at  about  .772  nm  at  8  V  and  its 
linewidth  was  estimated  to  be  about  l.'i  nm.  From 


the  voltage-versus-current  characteristics,  the 
built-in  voltage  for  causing  stimulated  emission 
was  found  to  be  about  .76  V  and  the  threshold 
current  density  was  estimated  to  be  about  1..“' 
kA/cm’.  Above  76  V.  the  emission  intensity  be¬ 
came  strong  and  the  peak  position  moved  to¬ 
wards  the  longer-wavelength  side.  The  stimulated 
electroluminescence  of  linewidth  less  than  7  nm 
was  clearly  observed  at  the  wavelength  of  77.s  nm 
at  78  V.  The  pre.sent  energy  position  is  close  to 
that  of  the  stimulated  emission  observed  at  10  K 
under  optical  pumping  [8].  This  result  strongly 
demonstrates  the  possibility  of  lasing  at  ultravio¬ 
let  wavelength  [9]. 

It  has  already  been  shown  by  means  of  pump- 
and-probe  experiments  that  excitons  contribute 
to  the  formation  of  optical  gain  in  the 
Cd^Zn,  ,S-ZnS  MOWs  [8].  This  is  based  on  the 
observation  of  optical  gain  in  the  presence  of  the 
clear  excitonic  absorption  peak,  which  is  slightly 
bleached  at  the  lower  energy  side.  Excitonic  gain 
and  stimulated  emission  in  wide-bandgap  ll-Vl 
MQWs  have  firstly  been  reported  by  Ding  et  al. 
as  for  Cd^Zn,  ,Se-ZnSe  systems  [)()].  The  exci- 
ton-related  mechanism  of  optical  gain  formation 
was  well  explained  by  considering  a  partial 
phase-space-filling  effect  of  excitons  which  were 
localized  at  the  lower  energy  states  of  inhomoge- 
neously  broadened  exciton  resonance.  This  cir¬ 
cumstance  derives  from  the  large  enhancement  in 
the  exciton  binding  and  its  oscillator  strength  due 
to  the  effect  of  quantum  confinement,  .so  that 
quasi-two-dimensional  excitons  arc  stable  against 
ionization  by  optical  phonons  up  to  room  temper¬ 
ature.  It  was  considered  that  these  e.xcitons  were 
subjected  to  localization  due  to  alloy  composition 
lluctuations  in  ternary  alloy  well  layers  and  inter¬ 
face  fluctuations  between  well  and  barrier  layers. 
Therefore,  the  excitons  are  localized  at  the  lower 
energy  states  of  the  inhomogeneously  broadened 
exciton  resonance,  and  the  partial  phase-space- 
filling  of  these  localized  exciton  states  occurs. 
The  localized  exciton  states  are  considered  to  be 
easily  saturated  because  of  the  low  density  of 
.states.  As  a  result,  the  population  of  the  localized 
exciton  states  can  easily  be  inverted  at  the  elec¬ 
tron-hole  pair  (or  exciton)  densities  below  the 
onset  to  an  electr»)n-holeplasma  (10.1 1], 
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Fig.  -V  Calculated  results  of  optical  gain  spectra  of  a 
C  d|,  -j^S- ZnS  MQW  as  a  function  of  temperature.  In 

this  figure,  the  horizontal  axis  indicates  the  photon  energy 
measured  from  the  center  of  the  n  —  1  heavy-hole  inhomoge- 
neously  broadened  exciton  resonance. 


Using  the  same  procedure,  optical  gain  spectra 
of  Cd ,  Zn  I  _  ,  S-ZnS  MQWs  were  analyzed.  Fig.  ^ 
shows  the  calculated  results  for  a  Cd,|..Zni,7sS- 
ZnS  .MQW  as  a  function  of  temperature.  In  this 
figure,  the  horizontal  axis  indicates  the  photon 
energy  measured  from  the  center  of  the  innomo- 
geneously  broadened  ti  =  1  heavy-hole  exciton 
resonance.  With  increasing  temperature  up  to  80 
K,  the  energy  shift  of  the  gain  maximum  with 
respect  to  the  center  of  exciton  resonance  de¬ 
creases.  With  further  increasing  temperature,  this 
energy  shift  conversely  increases.  This  aspect  can 
be  explained  by  considering  both  the  temperature 
dependence  of  the  distribution  function  of  exci- 
tons  and  the  homogeneous  broadening  due  to  the 
cxciton-phonon  interaction  at  higher  tempera¬ 
ture.  Namely,  the  decrease  in  the  energy  shift  up 
to  80  K  can  be  explained  only  by  the  tempera¬ 
ture-dependent  slope  around  the  chemical  poten¬ 
tial  in  the  distribution  function.  Above  80  K.  the 
increase  in  the  homogeneous  broadening  due  to 
the  cxciton-LO  phonon  interaction  must  be  con¬ 
sidered  in  addition  to  the  above  circumstance. 
Then,  the  energy  shift  increases  with  temperature 
above  80  K.  These  calculated  energy  shifts  are 
summarized  in  Table  1  with  the  experimental 
results  which  arc  determined  by  the  energy  dif¬ 
ference  between  the  center  of  the  n  =  I  heavy- 
hole  exciton  resonance  and  the  peak  position  of 
stimulated  emission  just  above  the  threshold.  The 


electron-hole  pair  (or  exciton)  densities  which 
are  necessary  for  the  threshold  gain  for  stimu¬ 
lated  emission  ( ~-  100  cm  ')  per  quantum  well 
are  also  summarized  in  Table  1.  These  values  are 
also  compared  with  the  experimental  results 
which  are  estimated  from  the  threshold  excitation 
power  densities  for  stimulated  emission.  In  this 
estimation,  we  used  the  exciton  lifetime  of  2(X)  ps 
which  was  obtained  from  our  separate  time-re- 
.solved  luminescence  measurements.  We  note  that 
the  densities  obtained  both  theoretically  and  ex¬ 
perimentally  are  below  the  estimated  value  of 
electron-hole  plasma  phase  transition  ( = 
(ttOb)  ''  =6.1  X  10’'  cm  -).  It  can  be  seen  from 
this  table  that  the  calculated  energy  shifts  of  the 
gain  maximum  from  the  center  of  the  exciton 
resonance  are  in  good  agreement  with  the  experi¬ 
mental  results.  Moreover,  the  calculated  results 
of  the  electron-hole  pair  (or  exciton)  densities 
show  that  the  densities,  which  give  threshold  gain 
(~  100  cm'’),  increases  with  temperature.  This 
tendency  is  consistent  with  the  experimental  re¬ 
sults  which  are  derived  from  the  threshold  excita¬ 
tion  power  densities  for  stimulated  emission.  In 
this  way.  it  is  understood  that  the  localization  of 
excitons  occupying  the  lower-energy  states  of  the 
inhomogeneously  broadened  exciton  resonance 
contributes  to  the  formation  of  optical  gain  in  the 
Cd.Zn, .. ,S-ZnS  MQWs.  A  more  detailed  dis¬ 
cussion  is  shown  elsewhere  [12]. 

Table  I 

falculalcd  energy  shifts  of  the  gain  maximum  (  '  UX)  cm  ') 
from  Ihe  center  i)f  the  exciton  resonance  and  densities  of 
excitons  per  quantum  well  as  a  function  of  temperature  in  a 
C'd,i2:Z.n,)7xsS-ZnS  MOW;  experimental  energy  shifts  which 
were  determined  by  the  energy  difference  between  the  exciton 
resonance  and  the  stimulated  emission  peaks,  and  experimen¬ 
tal  densities  of  excitons  which  were  derived  from  the  thresh¬ 
old  e.xcilation  ptwer  densities  for  stimulated  emi.ssion  are  also 
indicated 


Temper¬ 
ature  (K) 

Energy  shift 
(meV) 

Density  of  excitons 
(cm  ') 

Calc. 

Exp. 

Calc. 

Exp. 

10 

.SX 

55 

i.i  X  or 

4.XX  10'" 

XO 

53 

.so 

4.hx  10"’ 

4.Sx  10"' 

I.SO 

55 

55 

.f.Xx  10" 

I.Ox  10" 

225 

h.S 

70 

i.:x  10'- 

,T7x  10" 

RT 

X2 

05 

2.0  X  10'- 

7.2x  10" 
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4.  Conclusions 

Ultraviolet  stimulated  emission  has  been  ob¬ 
served  from  Cd,Zn,_,S-ZnS  MQWs  under  both 
optical  pumping  at  room  temperature  and  pulsed 
injection  mode  at  30  K.  In  spite  of  a  low  acceptor 
concentration  of  ZnS  doped  with  Na,  the  possibil¬ 
ity  of  lasing  at  ultraviolet  wavelength  has  been 
demonstrated  in  wide-bandgap  II-Vl  quantum 
well  structures.  It  was  also  proposed  that  the 
localization  of  excitons  at  the  lower  energy  states 
of  the  inhomogeneously  broadened  exciton  reso¬ 
nance,  resulting  from  alloy  fluctuations  and  inter¬ 
face  fluctuations,  is  very  important  and  con¬ 
tributes  to  the  formation  of  optical  gain  in  wide- 
bandgap  II-VI  quantum  wells. 
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Abstract 

ZnSc  well  cxciton  features  in  ZnSe/ZnMnSe  quantum  structures  grown  by  molecular  beam  epitaxy  (MBE)  are 
investigated  using  various  spectroscopic  techniques.  Steady-state  photoluminesccnce  and  excitation  spectroscopy 
demonstrate  an  enhanced  effective  band  offset  due  to  tensile  strain  and  a  confinement  induced  shift  of  the  excitonic 
resonances  up  to  10(1  mcV.  Progressive  localization  of  excitons  on  the  10  ps  time  scale  followed  by  rapid 
recombination  within  100  ps  is  observed  in  time-resolved  luminescence.  Transient  pump-probe  measurements  show 
clear  nonlinear  cxcitonic  ab.sorption  under  2  ^rJ/cm’  excitation  with  a  recovery  on  the  same  time  scale  as  the 
radiative  recombination. 


1.  introduction 

Wide-gap  II-VI  quantum  well  (QW)  struc¬ 
tures  arc  attractive  for  electro-optical  and  pho¬ 
tonic  devices  in  the  blue-green  part  of  the  visible 
spectrum.  A  specific  element  due  to  the  large 
ionic  component  in  the  chemical  bonding  of 
wide-gap  II-VI  structures  is  the  strong  excitonic 
character  so  that  absorptive  as  well  as  sponta¬ 
neous  and  stimulated  emission  processes  are  likely 
to  contain  a  substantial  excitonic  component  up 
to  device  temperatures  in  these  QW  sy.stems  [1]. 
Well  thickness  and  alloy  fluctuations  gives  rise  to 
exciton  localization  resulting  in  an  inhomoge¬ 
neous  broadening  of  the  exciton  resonances  ac¬ 
companied  by  a  Stokes  shift  between  absorption 
and  emission  bands.  Localization  of  excitons  at 
potential  fluctuations  are,  at  least  at  lower  tem- 
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peratures,  related  to  the  lasing  process  in  such 
materials  [2]. 

In  the  present  paper  we  study  ZnSe/ZnMnSc 
multiple  quantum  well  (MOW)  structures  grown 
by  MBE.  This  system  provides  type  1  heterostruc- 
turcs  with  binary  wells  excluding  alloy  fluctua¬ 
tions.  In  addition,  deeper  blue  emission  can  be 
achieved  in  comparison  with  ZnCdSe/ZnSe 
mo.stly  used  for  laser  devices  until  now.  Early 
work  on  ZnSe/ ZnMnSe  structures  was  done  by 
the  groups  of  Brown  and  Purdue  [3].  The  struc¬ 
tures  investigated  in  the  present  paper  arc  grown 
on  ((X)l)  GaAs  substrates,  on  top  of  which  a 
buffer  layer  of  about  I  jim  is  first  deposited. 
Typically,  a  structure  consists  of  5  or  10  ZnSe 
quantum  wells  of  the  same  thickness  separated  by 
about  100  nm  wide  ZnMnSe  barrier  layers.  The 
well  widths  studied  range  from  I  to  10  nm.  For  a 
manganese  composition  of  18%  to  28%  a  total 
band  offset  of  60  to  120  meV  is  expected  for 
un.strained  materials  [4]. 
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Fig.  I.  Energetic  positions  of  the  ZnSe  well  Ih  and  hh  excilon 
resonances  observed  in  RLE  spectra  of  ZnSc/Zn,|  ,,Mn„  ,,Se 
MQWs  at  5  K:  ( O )  experimental  points:  ( - )  calculation. 


2.  Optical  characterization  of  well  exciton  states 

Steady-state  photolumine.scence  (PL)  and  pho¬ 
toluminescence  excitation  (PLE)  experiments  are 
used  to  characterize  the  excitonic  states  in  the 
ZnSe  wells.  The  low  temperature  PL  spectra  are 
dominated  by  a  light  hole  (Ih)  exciton  emission 
band  accompanied  by  a  more  or  less  distinct 
low-energy  structure.  In  the  PLE  spectra  both  the 
light  and  heavy  hole  (hh)  exciton  transitions  are 
observed.  The  FWHM  of  the  excitonic  reso¬ 
nances  is  on  the  order  of  5  to  10  meV  and  a 
Stokes  shift  between  PL  and  PLE  of  3  to  6  meV 
is  found  giving  a  first  hint  of  exciton  localization 
[5]. 

In  Fig.  1  the  energetic  positions  of  the  n  =  I  Ih 
and  hh  exciton  resonances  taken  from  PLE  spec¬ 
tra  are  plotted  versus  well  width.  The  data  reflect 
the  interplay  between  strain  and  confinement. 
The  well  width  in  all  MOW  structures  shown 
here  is  clearly  smaller  than  both  critical  thickness 
and  barrier  width.  So,  the  lattice  misfit  induced 
strain  is  entirely  and  coherently  assimilated  by 
the  ZnSe  quantum  well  and  its  magnitude  can  be 
assumed  to  be  independent  of  the  well  width. 
The  larger  (001 )  lattice  constant  of  ZnMnSe  leads 
to  a  tensile  in-plain  strain  of  0.5%  to  1%  for  the 
present  barrier  manganese  composition  of  25%. 


This  strain  results  in  a  low-energy  shift  of  the 
exciton  resonances  and  a  splitting  of  the  Ih  and 
hh  exciton  states,  where  the  Ih  exciton  occurs 
energetically  below  the  hh  one.  Therefore,  the 
excitonic  structures  of  the  larger  wells  appear 
below  the  position  of  the  ZnSe  bulk  exciton. 
Decreasing  the  well  width  the  influence  of  the 
carrier  confinement  becomes  increasingly  impor¬ 
tant.  The  comparison  between  9  and  1  nm  well 
width  gives  a  confinement  induced  high-energy 
shift  of  about  100  meV  for  the  Ih  exciton  reso¬ 
nance. 

As  can  be  seen  in  Fig.  I  a  variational  calcula¬ 
tion  taking  into  account  both  strain  and  excitonic 
effects  yields  reasonably  good  agreement  with  the 
experimental  data  for  the  well  width  dependence 
of  the  exciton  energies.  From  the  calculation  we 
deduce  that  the  70  meV  total  band  offset  for  the 
unstrained  material  taken  from  [4]  is  divided  in 
40  meV  conduction  and  30  meV  valence  band 
offset.  These  values  are  enlarged  by  the  strain,  so 
that  the  effective  offset  of  about  120  and  80  meV 
for  the  Ih  and  hh  exciton,  respectively,  is  consid¬ 
erably  larger  than  predicted  without  strain.  Addi¬ 
tionally.  we  can  deduce  from  our  calculation  that 
the  exciton  binding  energy  does  not  change  dra¬ 
matically  in  comparison  with  ZnSe  bulk  material. 
A  maximum  binding  energy  of  29  meV  is  found 
for  4.5  nm  well  width. 


3.  Time-resolved  photoluminescence 

For  a  time-resolved  PL  analysis  a  syn¬ 
chronously  pumped  tunable  dye  laser  with  a  pulse 
duration  of  2  ps  is  used  for  excitation.  After 
pa.ssing  a  double  monochromator  in  a  subtractive 
arrangement  yielding  0.6  meV  spectral  resolution 
the  PL  is  recorded  with  a  synchroscan  streak 
camera.  The  overall  time  resolution  of  10  ps  is 
improved  by  data  deconvolution  using  the  instru¬ 
mental  response. 

Fig.  2  shows  the  temporal  evolution  of  the 
spontaneous  emission  spectrum  in  the  vicinity  of 
the  Ih  exciton  band  from  a  ZnSe/Zn„xMn|,  ,Se 
MOW  sample.  The  excitation  is  resonant  to  the 
hh  exciton  position  observed  in  PLE.  Since  the 
picture  is  practically  the  same  for  excitation  at  hh 
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Fig.  2.  Temporal  development  of  the  Ih  exciion  luminescence 
of  a  ZnSe/Zn,,  j^Mn,,  jjSe  structure  consisting  of  10  periods  of 
5  nm  wells  and  85  nm  harriers  at  5  K. 


and  Ih  exciton  position  as  well  as  above  the 
harrier  bandgap  energy  we  can  conclude  that  the 
capture  of  the  carriers  by  the  wells  and  subse¬ 
quent  relaxation  into  the  Ih  exciton  state  is  com¬ 
pleted  within  our  time  resolution.  Right  after 
excitation  most  of  the  emission  is  concentrated  at 
the  Ih  exciton  position  in  absorption.  During  the 
first  10  to  15  ps  the  maximum  of  the  PL  spectrum 
shifts  to  lower  energies  and  reaches  the  Ih  exciton 
peak  of  the  time-integrated  PL  spectrum  shown 
in  Fig.  3.  That  is.  the  evolution  of  the  Stokes  shift 
found  in  steady-state  experiments  is  resolved  in 
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time.  The  relation  between  exciton  linewidth  and 
energy  shift  is  in  agreement  with  previously  pub¬ 
lished  model  calculations  ba.sed  on  localization  of 
cxcitons  at  interface  potential  fluctuations  [5]. 

The  time-integrated  PL  (see  Fig.  3)  shows  in 
addition  to  the  main  Ih  exciton  peak  a  structure 
on  the  low-energy  side  (L).  The  time-resolved 
measurements  reveal  that  this  structure  occurs 
delayed  with  respect  to  the  Ih  exciton  emission. 
The  redistribution  from  Ih  exciton  to  the  L  struc¬ 
ture  results  in  a  growing  contribution  of  the  low- 
energy  emission  during  the  luminescence  decay. 
After  about  2(K)  ps  the  emission  at  the  L  struc¬ 
ture  position  becomes  dominant.  Fig.  3  shows 
that  the  described  dynamic  behaviour  leads  to  an 
increase  of  the  PL  rise  and  decay  times  with 
decreasing  photon  energy  obtained  by  fitting  the 
decay  curves  within  a  double-exponential  model. 
Since  the  recombination  within  approximately  KM) 
ps  is  running  on  the  same  time  scale  as  the 
spectral  relaxation  a  noticeable  number  of  cxci¬ 
tons  recombine  before  reaching  the  lowest  energy 
states.  Under  CW  excitation  this  results  in  a 
nonthermal  distribution  of  exciloiis  and  a  domi¬ 
nant  Ih  exciton  feature  in  the  PL  spectra. 

Considering  different  features,  various  inter¬ 
pretations  including  bound  excilons  [6],  biexcitons 
[7]  and  bound  magnetic  polarons  [8]  were  given 
for  the  physical  origin  of  the  low  energy  PL 
structure.  Taking  into  account  the  absence  of  any 
excitation  intensity  dependence  of  the  .shape  of 
the  PL  spectra  up  to  intensities  of  10  kW/cm’ 
(9).  an  interpretation  in  terms  of  a  bound  as  well 
as  biexciton  state  seems  to  be  improbable.  Mag¬ 
netic  polaron  formation  caused  by  the  semimag- 
netic  barrier  material  and  previously  reported  for 
CdTe/CdMnTe  structures  [10]  is  very  unlikely 
Uk>.  becau.se  the  L  structure  can  be  observed  in 
CW  PL  up  to  40  K,  while  magnetic  polaron 
formation  is  known  to  appear  only  at  very  Utw 
temperatures.  Although  the  physical  origin  of  the 
state  connected  with  the  L  structure  cannot  pre¬ 
cisely  determined  from  our  experimental  data  its 
behaviour  is  similar  to  that  of  a  self-trapped 
state.  From  the  dynamics  and  the  fact  that  nei¬ 
ther  in  absorption  nor  in  PLE  a  structure  at  the 
energetic  position  of  the  L  peak  is  found,  we 
conclude  that  the  iKcurrcncc  of  this  state  re- 
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quires  the  presence  of  previously  created  cxci- 
tons. 


4.  Transient  nonlinear  absorption 

To  further  detail  the  exciton  dynamics  tran¬ 
sient  pump-probe  experiments  are  performed  us¬ 
ing  amplified  tunable  500  fs  pulses  for  both  excit¬ 
ing  the  sample  as  well  as  generating  a  probe 
continuum.  The  output  pulses  of  a  hybrid  mode- 
locked  dye  laser  are  amplified  in  a  four  stage 
excimer  laser  pumped  dye  amplifier.  The  differ¬ 
ential  transmission  signal  (DTS)  given  by  (T  — 
7'||)/7'||  is  measured  as  a  function  of  the  delay 
between  pump  and  probe  pulse.  To  prepare  the 
samples  for  transmission  experiments,  the  GaAs 
substrates  as  well  as  the  ZnSe  buffer  layers  are 
removed  using  a  selective  wet  etching  process. 

The  DTS  spectra  of  a  6.8  nm  MQW  sample 
arc  shown  in  Fig.  4,  where  the  pump  is  resonant 
to  the  Ih  exciton.  Wc  observe  a  very  fast  unam¬ 
biguously  excitonic  optical  nonlinearity.  The  rela¬ 
tive  change  in  absorption  Ja/a  at  the  Ih  exciton 
position  is  considerably  larger  than  that  at  the  hh 
exciton  position.  The  more  effective  bleaching  of 
the  Ih  exciton  absorption  should  be  explained  in 
terms  of  a  different  amount  of  phase  space  filling 
[II]  of  Ih  and  hh  exciton  states  induced  by  the  Ih 
excitons  generated.  The  recovery  time  of  the  non¬ 
linear  absorption  of  150  ps  is  slightly  higher  than 
the  PL  decay  times  in  Fig,  3.  This  can  be  at¬ 
tributed  to  the  larger  well  width  of  the  sample 
studied  here.  In  addition  to  the  induced  trans¬ 
parency  at  the  exciton  positions,  only  a  slight 
increase  of  absorption  in  the  range  between  the 
excitons  is  observed.  To  account  for  the  absorp¬ 
tion  bleaching  in  the  carrier  generation,  we  have 
measured  that  a  portion  of  200  nJ/cm’  from  the 
pump  pulse  is  absorbed  by  the  sample,  which 
gives  a  carrier  density  of  10 "  cm  ’  being  clearly 
below  the  Mott  density  [11].  No  indication  for 
optical  gain  is  found  at  this  density. 

Applying  the  method  of  stripe  length  variation 
with  sub-ns  dye  laser  excitation  optical  gain  is 
observed  at  an  excitation  intensity  of  4(K)  kW/cm’ 
[9].  Gain  up  to  100  cm  '  is  found  about  20  meV 
energetically  below  the  Ih  exciton  resonance.  The 
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Fig.  4.  DTS  spectra  of  a  ZnSe/ZnMnSe  MOW  structure  of 
6.S  nm  well  width  measured  at  different  pump-prohe  delays. 
For  comparison  the  transmission  spectrum  is  given  in  the 
upper  part. 

carrier  density  generated  here  is  about  one  order 
of  magnitude  higher  than  that  used  for  pump- 
probe  experiments  described  above.  This  high 
density  suggests  an  explanation  of  the  gain  in 
terms  of  a  degenerated  eh  plasma. 

In  conclusion,  the  present  study  has  demon¬ 
strated  that  the  ZnSe/ZnMnSe  system  provides 
high-quality  typc-l  quantum  structures  with  dis¬ 
tinct  confinement  effects.  We  have  observed  exci¬ 
ton  localization  on  the  10  ps  time  scale  and  very 
rapid  recombination  within  1(K)  ps.  The  spectrally 
sharp  and  fast  excitonic  nonlinear  absorption 
found  in  transient  pump-probe  experiments  make 
the  ZnSe/ZnMnSe  system  interesting  with  re¬ 
spect  to  device  applications. 
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Abstract 

\Vc  report  the  occurrence  ot  confined  longitudinal  and  transverse  optical  phonons  in  (C'dTe)„(ZnTe)„  (2  </i  <  5) 
ultra-short-period  superlattices  as  ohsened  in  their  Raman  and  far-infrared  rellectivity  spectra.  The  dispersion 
curses  of  the  optical  phonons  in  CdTe  and  in  ZnTe  along  [(M)!].  determined  from  the  frequencies  of  the  confined 
phtmons.  are  in  excellent  agreement  with  neutron  scattering  dat;i  on  the  hulk  compi'unds.  For  the  n  =  7  superlattice 
sample,  folded  acoustic  phonons  have  been  observed. 


1.  Introduction 

Due  to  recent  progress  in  the  growth  of  II-VI 
semiconductor  heterostructures,  superlattices 
(SLs)  have  become  available  with  controlled  ctrm- 
position  and  dimension  down  to  a  few  mtrnolay- 
ers  of  the  constituent  compounds.  In  the  present 
paper  we  report  the  vibrational  prtiperties  of 
highly  strained  ultrathin  ((’dTe)„(Znre)„  SLs  (// 
=  2.  4  and  .*>).  Transverse  optical  (TO)  and 

longitudinal  optical  (1,0)  phonon  frequencies 
were  measured  using  far-infrared  reflectivity 
spectroscopy  and  Raman  scattering,  respectively. 
Since  in  the  bulk  CdT'e  and  ZnTe  neither  the  TO 
nor  the  LO  phonon  dispersion  curves  overlap,  the 
phonons  are  confined  to  the  respective  superlat¬ 
tice  layers.  For  the  analysis  of  the  data,  it  was 
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important  to  account  for  the  biaxial  compressive 
and  tensile  strains  in  the  CdTe  and  ZnTe  super¬ 
lattice  layers.  Fxperimentally,  these  strains  were- 
determined  by  high  resolution  X-ray  reciprocal 
space  mapping. 


2.  Experimental  results  and  discussion 

The  (CdTe),,  (ZnTe),,  superlattices  were  grown 
by  atomic  layer  epitaxy  (ALL)  on  8(M)  nm  thick 
ZnTe  buffer  layers  deposited  on  (001)  GaAs  sub¬ 
strates,  with  the  total  number  of  monolayers  of 
each  compound  being  kept  constant  (OIK)  ML)  in 
all  the  superlattices.  The  details  of  the  sampL 
growth  are  given  in  ref.  [1).  In  order  to  determine 
the  TO  phonon  frequencies,  far-infrared  reflec¬ 
tivity  measurements  at  nearly  normal  incidence 
with  a  .spectral  resolution  of  0.2.S  cm  '  were 
performed  at  T  =  10  K  using  a  Brukcr  IFS  ll.lv 
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Fourier-transform  spectrometer.  Excitation  lines 
from  a  Kr*  la.ser  and  from  a  dye  laser  with 
LC65(K)  (DCM)  were  used  for  measuring  LO  and 
folded  acoustic  phonons  by  Raman  scattering  un¬ 
der  resonance  conditions  in  the  back-scattering 
geometry  at  T  =  1(1  K.  The  scattered  light  was 
analysed  with  a  SPEX  double  and  triple 
monochromator  and  detected  with  a  photomulti¬ 
plier  and  the  associated  photon  counting  system. 

Fig.  1  shows  the  far-infrared  retlectivity  spec¬ 
tra  of  four  short-period  (CdTe)„(ZnTe)„  superlat¬ 
tices  (/!  =  2.  3,  4,  5).  In  each  spectrum  three 
peaks  appear.  The  most  prominent  among  them 
at  181  cm  '  is  due  to  the  TO  phonon  of  the 
ZnTe  buffer.  At  the  low-energy  side  of  this  peak 
a  shoulder  appears,  which  we  attribute  to  the 
confined  TO  phonons  in  the  ZnTe  layers  of  the 
superlattices.  The  resonance  frequencies  of  these 
phonons  are  clearly  shifted  to  lower  values  with 
respect  to  the  resonance  frequencies  of  the  eorre- 
sponding  phonons  in  the  ZnTe  buffer.  The  peak 
at  about  150  cm" '  is  ascribed  to  the  confined  TO 
phonons  in  the  CdTe  layers  of  the  superlattices. 
The  position  of  this  peak  systematically  shifts  to 
lower  frequency  values  with  increasing  number  of 
CdTe  monolayers.  Also  shown  in  Fig.  1  are  the 
results  of  a  simulation  of  the  reflectivity  spectra 
using  the  standard  phonon  oscillator  model  for 


t  ig.  I.  f  ar-infrared  reneclivily  spectra  of  (C  dTe)„(ZnTe)„ 
superlallices  at  nearly  normal  incidence.  The  bold  lines  repre¬ 
sent  the  experimental  data  at  /'  =  It)  K.  the  thin  lines  arc  the 
result  of  a  simulation  using  the  standard  dielectric  model 
described  in  refs.  [1.2],  The  arrows  mark  the  TO  phonon 
trequencies  obtained  from  the  fit  of  the  simulation  to  the 
experimental  data.  For  clarity,  the  reflectivity  curves  for  the 
n  -  .^.  4  and  .S  SI,s  are  shifted  vertically  in  steps  of  If.l. 
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Fig.  2.  Raman  spectra  for  (C  dTe)„(ZnTe)„  superlattices  for 
n  =  2.  .4  and  .S  measured  at  T  =  111  K  in  back-scattering  geom¬ 
etry.  The  excitation  wavelength  was  h.VW  A  for  «  =  2.  .4  and 
6471  A  for  n  =  5.  The  confined  ZnTe  LO  and  CdTe  1.0 
phonons  are  indicated  in  the  figure.  The  peak  around  l.s.s 
cm  '  is  allrihuled  to  an  interface  phonon. 


the  dielectric  function  described  in  detail  in  refs. 
[1,2].  By  fitting  the  results  of  the  simulation  to  the 
experimental  data,  we  were  able  to  determine  the 
TO  phonon  frequencies  with  an  accuracy  of  +  0.5 
cm" '. 

Fig.  2  shows  the  Raman  spectra  of  the 
(CdTe)„(ZnTe)„  superlattices.  As  the  superlattice 
with  n  =  4  was  accidentally  damaged  after  in¬ 
frared  reflectivity  measurements.  Raman  mea¬ 
surements  could  only  be  performed  for  the  super- 
lattices  with  n  =  2.  3,  5.  The  excitation  wave¬ 
length  was  6309  A  (l.%5  eV)  for  the  «  =  2  and 
ri  =3  superlattices  and  6471  A  (1.916  eV)  for  the 
n  =  5  superlattice.  The  peaks  around  198  cm  ' 
are  attributed  to  confined  LO  phonons  from  the 
ZnTe  layers  and  the  weak  signatures  around  163 
cm  '  for  n  =  2  and  3  to  the  confined  LO  phonons 
from  the  CdTe  layers.  The  broad  peak  at  ^155 
cm  '  for  n  =  5  is  ascribed  to  the  interface  phonon 
(indicated  by  IF  in  the  figure),  whose  frequency 
lies  between  those  of  the  CdTe  TO  and  LO 
phonons  [3].  Even  though  the  excitation  energies 
used  are  very  close  to  the  quantum  confined 
electronic  transition  energy  in  the  CdTe  well  [4], 
the  signatures  from  the  ZnTe  LO  phonons  are 
clearly  observed.  Following  Menendez  et  al.  [5], 
the  coupling  of  the  excitation  radiation  to  the 
ZnTe  LO  phonons  under  such  resonance  condi¬ 
tions  involves  the  superlattice  heavy-hole  wave- 
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functions,  which  are  only  weakly  localized  in  the 
CdTe  layers.  Under  these  resonance  conditions, 
the  wave  vectors  q,„  (in  units  of  lir/a)  are  given 
by  m/(n+  1)  with  even  integral  values  for  m 
being  allowed  for  confined  CdTe  LO  phonons, 
whereas  both  even  and  odd  m  values  character¬ 
ize  the  confined  ZnTe  LO  phonons.  [2,5]  The 
selection  rules  for  the  wavevectors  of  the  eon- 
fined  TO  phonons  are  given  by  the  same  equa¬ 
tion  with  both  even  and  odd  m  values  being 
allowed  [6]. 

It  is  well  known  that  LO  and  TO  phonon 
frequencies  depend  sensitively  on  the  strain  in  a 
crystal.  Therefore,  to  be  able  to  distinguish  be¬ 
tween  shifts  of  the  phonon  frequencies  induced 
by  strain  and  shifts  due  to  the  confinement  of  the 
phonons,  it  is  crucial  to  know  the  strains  in  the 
superlattices.  High  resolution  X-ray  reciprocal 
space  mapping  was  used  to  determine  the  strain 
distribution  in  the  superlattice  layers  following 
the  procedure  outlined  in  ref.  [7].  Fig.  3  shows 
the  ((KI4)  and  (115)  reciprocal  space  maps  of  the 
n  =  5  superlattice.  The  contours  of  constant  scat¬ 
tered  intensity  are  shown  for  the  ZnTe  buffer 
and  the  SL  reciprocal  lattice  points  (RELPs)  for 
(004)  and  (115)  Bragg  reflections  of  Cu  K„,  radia¬ 
tion.  In  both  maps,  the  SL  satellites  (SL  -  1,  SLO, 
SLl)  lie  along  the  [001]  growth  direction,  apart 
from  a  slight  tilt  with  respect  to  the  ZnTe  buffer. 
For  a  SL  pseudomorphically  grown  on  the  ZnTe 
buffer,  the  SL  satellites  would  appear  on  the 
broken  line  in  the  (115)  map  of  Fig.  3.  On  the 
other  hand,  for  a  completely  relaxed  (free-stand¬ 
ing)  superlattice,  the  SLO  RELP  falls  on  a  straight 
line  connecting  the  origin  of  the  reciprocal  space 
with  the  (115)  RELP  of  the  completely  relaxed 
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Fig.  3.  Measured  reciprocal  space  maps  of  the  (CdTe),(ZnTe), 
SL.  In  the  ((M)4)  map.  the  distance  of  the  lines  running  parallel 
to  ((X)l)  through  the  SLl)  and  the  buffer  RELP  indicates  a  tilt 
of  0.084°  of  the  lattice  planes  of  the  superlaltice  with  respect 
to  the  lattice  planes  of  the  buffer.  In  the  1 1 1.*')  map.  the  slight 
deviation  of  the  maximum  intensity  of  the  SLO  RELP  from 
the  line  runnig  parallel  to  Ill.S]  through  the  buffer  RELP  and 
the  origin  of  reciprtK'al  space  (IKX))  is  due  to  the  residual 
in-plane  strain  of  the  superlattice  (e,  =  -0.27'"f ).  For  a  pseu- 
domorphically  grown  SL.  the  SLO  RELP  would  appear  on  the 
broken  line  running  through  the  buffer  RELP  parallel  to  the 
growth  direction  (001  ]. 


ZnTe  buffer.  Fig.  3  shows  that  in  the  ( 1 15)  map 
the  maximum  intensity  of  the  SLO  RELP  deviates 
slightly  from  this  line,  indicating  that  the  n  =  5 
superlattice  is  not  completely  relaxed.  The  mean 
in-planc  strain  exerted  on  the  SL  by  the  ZnTe 
buffer  is  Cji  =  —0.27%.  Using  the  in-plane  lattice 
con.stant  determined  by  X-ray  diffraction  (o  = 
6.233  A)  in.stead  of  the  in-plane  lattice  constant 


Table  I 

Temperature-  and  strain-dependent  values  of  the  optical  phonon  frequencies  in  ZnTe  and  CdTe 


wjo  (cm  ') 

wi  (,  (cm  ') 

T  =  .too  K 

T=  lOK 

T  =  .too  K 

T=  lOK 

ZnTe 

177  “ 

181  ” 

-4.5  " 

206  " 

209  ' 

-  11.5  ” 

CdTe 

141 

144.7  ° 

+  3  ^ 

169  “I 

171  ° 

+  12.2  " 

■'  Ref.  I  in]. 

Ref.  (I|. 

°  Ref.  151. 

Ref.  [111. 
'  Ref.  |I21. 
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of  the  free  standing  configuration  (a  =6.25  A), 
the  strain  induced  frequency  shift  of  the  TO  (LO) 
phonons  calculated  according  to  the  equations 
given  in  ref.  [1]  is  -3.9  cm  '  (-10.1  cm  ')  for 
ZnTe  and  +3.2  cm  '  (  +  13.2  cm  ')  for  CdTe. 
These  values  differ  from  the  respective  ones  cal¬ 
culated  in  our  previous  publications  [1,2]  (listed 
in  Table  1),  by  about  1  cm  '.  Since  no  reciprocal 
space  maps  are  available  for  the  n  =  2,  3,  4  super- 
lattices,  in  the  following  discussion  we  calculate 
the  strain  induced  phonon  frequency  shifts  for  a 
free-standing  superlattice,  keeping  in  mind  that 
the  deviation  of  the  actual  strain  from  that  as¬ 
sumed  could  introduce  an  error  of  about  lO'T 
from  the  calculated  shifts  of  the  phonon  fre¬ 
quency.  We  emphasize  that  for  the  (CdTe),, 
(ZnTe),,  short  period  SLs  a  linear  chain  model 
does  not  provide  a  reasonable  description,  nei¬ 
ther  of  the  confined  LO  nor  of  the  confined  TO 
modes.  The  bulk  TO  phonon  dispersion  curve 
along  [001]  direction  is  either  nearly  flat  (ZnTe) 
or  even  the  TO  mode  frequencies  increase  with 
increasing  wavevector  (CdTe).  Such  a  behaviour 
is  different  from  that  observed  in  the  GaAs/AlAs 
system. 

In  Fig.  4  the  ZnTe  and  in  Fig.  5  the  CdTe  TO 
and  LO  phonon  dispersion  curves  obtained  from 
the  data  in  Figs.  1  and  2  are  shown.  Also  shown 
are  data  from  inelastic  neutron  scattering  experi¬ 
ments  performed  on  bulk  ZnTe  [8]  (CdTe  [9]) 
samples  at  7  =  300  K.  The  TO  frequencies  ob- 
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Fig.  4.  Opiical  phonon  frequencies  for  ZnTe.  The  full  symbols 
arc  the  results  of  the  present  mnk.  the  open  symbols  arc 
results  of  neutron  scattering  experiments  (K)  shifted  properly 
for  the  strain  and  the  temperature  (see  Table  1).  The  lines 
through  the  t)pen  symbols  serve  as  a  guide  to  the  eye. 


Fig.  5.  Optical  phonon  frequencies  for  CdTe.  The  full  circles 
and  squares  are  from  the  present  work,  the  open  ones  are 
from  neutron  scattering  experiments  [9]  shifted  properly  for 
the  strain  and  the  temperature  (see  Table  1).  The  lines 
through  the  open  symbols  serve  as  a  guide  for  the  eye. 


tained  by  neutron  scattering  have  been  shifted  by 
-0.5  cm"'  (  +  6.7  cm  ').  the  LO  frequencies  by 
-8.5  cm"'  (  +  14.2  cm"')  accounting  for  both 
strain-  (free  standing)  and  temperature-induced 
shifts  of  the  phonon  frequencies.  The  detailed 
contributions  of  the  temperature  shift  and  the 
strain  induced  shift  are  listed  in  Table  1.  Except 
for  the  CdTe  LO  phonons,  which  show  very  broad 
signatures  in  Fig.  2,  the  optically  determined 
phonon  frequencies  are  in  excellent  agreement 
with  the  neutron  scattering  data.  Moreover,  the 
phonon  dispersions  determined  by  optical  meth¬ 
ods  are  more  accurate  by  a  factor  of  about  4  than 
those  obtained  by  neutron  scattering. 

In  contrast  to  the  optical  phonons,  acoustic 
phonons  propagate  through  the  entire  superlat¬ 
tice  .since  the  acoustic  dispersion  curves  overlap. 
The  new  periodicity  in  the  growth  direction  re¬ 
duces  the  extension  of  the  Brillouin  zone  along 
this  direction  to  -n/D  <q  <it/D  where  D  is 
the  SL  period.  As  a  consequence,  the  acoustic 
phonon  branches  are  folded  back,  generating 
modes  near  the  T  point  of  the  mini  Brillouin 
zone,  which  can  be  detected  as  Raman  shifts.  For 
the  (CdTef^fZnTe)^  superlattice,  folded  longitu¬ 
dinal  acoustic  phonons  are  clearly  resolved  in  the 
Raman  spectrum  (Fig.  6a)  measured  at  room 
temperature  with  an  excitation  wavelength  of  6863 
A.  The  theoretical  dispersion  relation  of  the  lon¬ 
gitudinal  acoustic  phonons  along  the  growth  di¬ 
rection  is  given  in  ref.  [2].  In  this  dispersion 
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Fig.  6.  (a)  Folded  acoustic  phonons  for  (C'dTeMZnTe^  mea- 
sureil  hy  Raman  scattering  with  an  excitation  wavelength  of 
hS63  A  at  room  temperature,  (b)  Dispersion  curve  for  the 
longitudinal  acoustic  phonons  along  the  superlattice  axis. 

relation,  the  only  adjustable  parameters  are  the 
thicknesses  of  the  superlattice  layers.  In  Fig.  6b 
the  dispersion  relation  is  plotted  for  =  15.3 
A  and  =  16.2  A.  For  these  values  of  the 
layer  thicknesses,  which  are  in  reasonable  agree¬ 
ment  w'ith  the  values  determined  by  X-ray 
diffraction  (tZ/nxe  =  A.  17.0  A),  the 

observed  frequencies  of  the  folded  acou.stic 
phonons  arc  explained  very  well  by  the  theory. 


3.  Summary 

In  the  present  study  of  (CdTe)„(ZnTe)„  ultra- 
thin  superlattices,  the  I O  phonons,  directly  ob¬ 
served  in  the  Raman  spectra,  and  the  TO 
phonons,  deduced  from  the  analysis  of  the  in¬ 
frared  reflectivity,  have  enabled  the  di.spersion 
curves  of  CdTe  and  ZnTe  optical  phonons  to  be 
established  for  q  values  as  large  as  approximately 
0.5  X  Itt/o.  For  a  microscopic  understanding,  the 
influence  of  strain  in  the  individual  layers  origi¬ 
nating  in  the  lattice  mismatch  between  layers  has 
clearly  to  be  incorporated  in  the  analysis.  Experi¬ 
mentally.  the  most  accurate  information  about 
the  strain  distribution  within  the  supcrlattice  is 
obtained  from  high  resolution  X-ray  rcciprtKal 
space  mapping.  However,  for  the  samples  investi¬ 
gated  the  model  of  free-standing  superlatticcs 
accounts  for  the  strain  in  the  supcrlattice  satisfac¬ 
torily. 
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Abstract 

C'dTc/CdMnTc  graded  index  separate  confinement  heterostructures  have  been  used  to  produce  visible  laser 
emission  under  electronic  or  photo-pumping.  The  optical  gain  of  the  structures  has  been  measured  as  a  function  of 
optical  power  and  temperature.  The  maximum  gain,  abewu  I'ht  cm  '  lor  a  structure  containing  two  quantum  wells,  is 
easily  attained  under  excitation  of  about  6  kW/cm’  at  VO  K.  It  decreases  with  increasing  temperatures,  displaying 
two  distinct  regimes:  (i)  in  the  low  temperature  regime  (below  200-2.‘i()  K).  the  gain  decreases  exponentially  with  a 
characteristic  temperature  7',,=  IK)  K.  and  is  interpreted  as  being  due  to  the  escape  of  holes  from  quantum  wells 
and  also  to  scattering  of  carriers  by  [.()  phonons;  (ii)  above  2.s0  K.  a  faster  decrease  of  gain  takes  place  as  a  result  of 
the  thermal  activation  of  carriers  into  the  barriers. 


I.  introduction 

Since  the  first  report  of  a  blue-green  ZnSe- 
based  injection  laser  [1],  which  was  made  possible 
by  the  successful  p-type  doping  trf  ZnSc,  the  main 
difficulty  has  been  the  problem  of  making  an 
ohmic  contact  to  a  wide  bandgap  p-type  semicon¬ 
ductor  [2].  The  microgun  pumped  semiconductor 
laser  [.f]  has  recently  been  proposed  as  an  alter¬ 
native  solution  which  circumvents  the  difficulties 
of  doping  and  making  electrical  contacts  to  the 
semiconductor  material.  In  this  device,  arrays  of 
microtip  cathodes  developed  for  flat  panel  dis- 


*  Corresponding  nulhor. 


play.s.  arc  used  as  cold  cathode  emitters.  The 
electrons  are  subsequently  accelerated  by  a  mod¬ 
erate  10  kV  voltage  and  focused  onto  the  semi¬ 
conductor  optical  cavity  to  produce  electron-hole 
pairs  within  100  to  .‘ilM)  nm  below  the  surface.  The 
semiconductor  active  region  is  a  graded 
index  separate  confinement  hctcrostructurc 
(CiRINSCH)  which  is  designed  to  improve  carrier 
collection  into  the  quantum  well  (QW)  and  to 
avoid  the  surface  recombination.  In  this  work  wc 
report  on  a  comparative  optical  study  of  various 
CdTe/CdMnTc  GRlNSCHs  used  in  the  micro¬ 
gun  pumped  laser.  The  net  gain  of  these  struc¬ 
tures  has  been  measured  under  optical  pumping, 
at  different  excitation  powers  and  different  tem¬ 
peratures. 
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2.  Experimental  procedure 

The  net  optical  gain  is  measured  by  the  vari¬ 
able  stripe  length  method  of  Shaklee  and  Leheny 
[4],  The  excitation  stripe  is  formed  by  the  fre¬ 
quency  doubled  beam  of  a  (^-switched  YAG-Nd 
laser.  The  width  of  the  stripe  is  about  50  /cm  and 
the  length  can  be  varied  up  to  I  mm.  The  pulse 
length  is  250  ns  and  the  repetition  rate  is  1  kHz. 
The  power  density  in  the  stripe  is  30  kW/cm\ 
which  can  be  attenuated  if  necessary  using  neu¬ 
tral  density  filters.  As  the  laser  pulse  duration  is 
much  longer  than  the  radiative  recombination 
time  ( I  ns  or  less)  we  can  assume  that  the  mea¬ 
surements  are  done  under  steady  state  condi¬ 
tions.  The  emitted  light  can  be  spectrally  dis¬ 
persed  using  a  1  m  monochromator.  The  uncer¬ 
tainty  on  the  gain  values  is  estimated  to  be  less 
than  10  cm  '. 

The  samples  were  grown  by  MBE  on  (001) 
Cd||„|,Zn|imTe  substrates  at  31()’C'  under  an  ex¬ 
cess  cadmium  tlux.  Sample  characteristics  are  de¬ 
scribed  in  Table  1.  The  active  region  consi.sts  of  I 
or  2  CdTe  QW's  located  inside  an  asymmetric 
GRINSC'H  structure  adapted  for  external  pump¬ 
ing  with  a  low  energy  (5  to  10  kV)  electron  beam. 
The  composition  gradient  of  the  barriers,  the 
high  and  low  limits  of  which  are  indicated  in 
I'able  1,  extends  over  approximately  000  nm  on 
the  surface  side  and  300  nm  on  the  buffer  side. 
This  active  part  of  the  structure  is  coherently 
grown  v)n  top  of  a  relaxed  buffer  layer  (2  ^m  of 
Cd|| -,Mn||  i^  Te  or  C'diujiiMn,,  ,,,Te  depending  on 
the  sample).  It  has  been  carefully  checked  by 
cathodolumincscence  imaging  that  the  GRIN- 
SCH  and  QW  regions  are  free  of  misfit  interfa¬ 
cial  dislocations  for  all  samples  described  in  this 
work. 


I  .ibic  I 
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Fig.  !.  Ncl  gain  < linear  scale)  measured  in  samples  A.  and  C 
at  low  lemperaliirc  (^5  K)  as  .i  function  ol  the  optical  excita¬ 
tion  density. 


Note  that  the  thickness  of  the  OW  region 
varies  from  5  to  20  nm  in  our  samples,  much  less 
than  the  lateral  extension  of  the  guided  Th  mode 
(.‘'00  nm).  Therefore  the  optical  confinement  fac¬ 
tor  /'  is  roughly  the  same  and  is  of  the  order  of  a 
few  percent  in  the  various  configurations. 

3.  Experimental  results 

The  variation  of  the  spectrally  integrated  opti¬ 
cal  gain  with  excitation  power  is  presented  in  Fig. 
I  lor  samples  A.  B  and  C.  which  were  grown  to 
check  the  role  of  the  OW  parameters  (see  Table 
I).  The  lowest  threshold  is  obtained  for  sample  A 
which  contains  a  single  narrow  (.}W.  The  gain 
increases  with  increasing  excitation  and  reaches  a 
maximum  at  5  kW/cm’  and  above.  However,  the 
maximum  gain  is  higher  for  the  2-OW  (sample  C  ) 
than  for  the  l-QW  structures  (samples  A  and  B). 
riiese  observations  can  be  understood  qualita¬ 
tively  on  the  basis  of  the  density  of  states  in  the 
active  region.  At  low  temperatures  and  under  low 
excitation  power,  the  carriers  are  confined  in  the 
wells.  A  smaller  density  of  states  allows  the  popu¬ 
lation  inversion  condition  to  be  reached  faster. 
The  narrow  single  well  structure  (sample  A)  must 
then  give  the  higher  gain  at  low  power  (e.g..  20 
cm  '  at  0.3  kW /cm'),  while  the  2-UW  structure 
(sample  (  '  ..lies  the  same  inversion  condition 
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Fig.  2.  Not  gain  (linear  scale)  measured  in  sample  ('  ai 
different  temperatures  as  a  function  of  the  optical  excitation 
density. 
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Fig.  }>.  Net  gain  (log  scale)  measured  in  samples  C  and  D  at 
high  excitation  density  (10  kW/cm'l  as  a  function  i>f  the 
temperature. 


with  twice  as  much  power,  and  then  gives  twice 
more  gain  (40  cm  '  at  0.7  kW/cm’). 

At  higher  excitation  densities,  the  gain  in¬ 
creases  with  population  inversion.  It  is  expected 
to  reach  a  maximum  in  a  OW  structure  when  the 
Fermi  energy  is  well  above  the  confined  level, 
since  the  2D  density  of  states  is  eonstant  with 
energy  for  a  given  subband.  This  is  indeed  the 
case  for  the  3  samples.  Furthermore  we  observe 
that  the  maximum  gain  is  independent  of  the  well 
size,  which  is  due  to  the  fact  that  the  2D  density 
of  states  is  independent  of  the  well  thickness.  For 
the  2-OW  structure  (sample  C)  it  amounts  to 


about  200  cm  which  is  twice  the  maximum 
gain  (about  100  cm  ')  in  the  l-QW  structures 
(samples  A  and  B). 

The  power  dependence  of  the  gain  at  different 
temperatures  is  presented  in  Fig.  2  for  sample  C. 
As  the  temperature  increases,  the  maximum  gain 
is  reached  at  higher  powers.  In  order  to  get  a 
better  deseription  of  the  temperature  variation  of 
the  gain  we  have  plotted  in  Fig.  3  the  logarithm 
of  gain  (measured  at  10  kW/cm’)  versus  the 
temperature  for  samples  C  and  D.  These  two 
samples  have  been  designed  to  present  quite  dif¬ 
ferent  distribution  of  density  of  states  in  QWs 
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Fig  4.  Spontaneous  emission  (phololuminescence  spectra  from  the  sample  surface)  in  samples  C  and  15.  at  different  temperatures. 
Samples  are  excited  by  a  0..S  mm  long  stripe  at  It)  kW /cm 
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and  barriers.  Both  have  graded  barrier  layers  of 
the  same  thickness  with  the  same  gradient  (see 
Table  1).  But  sample  C  has  deeper  and  narrower 
QWs,  so  that  the  ground  states  of  electrons  and 
holes  are  better  decoupled  from  confined  excited 
states  and  from  the  large  density  of  states  in  the 
graded  barriers.  As  shown  in  Fig.  3,  the  tempera¬ 
ture  dependence  of  the  gain  displays  two  distinct 
regimes.  In  the  low  temperature  regime  (under 
200  K),  the  gain  decreases  exponentially  with  a 
characteristic  temperature  T„  =  1 10  K,  in  a  simi¬ 
lar  way  for  the  two  samples.  At  higher  tempera¬ 
ture,  a  sharp  drop  of  the  gain  is  observed,  above 
200  K  for  .sample  D  and  230  K  for  sample  C. 

Let  us  first  discuss  the  high  temperature 
regime.  The  faster  decrease  of  the  gain  at  tem¬ 
peratures  above  200-250  K  is  ascribed  to  the 
thermal  activation  of  carriers  from  the  QWs  to 
the  graded  barriers.  Clear  evidence  of  this  effect 
is  given  by  the  temperature  dependence  of  the 
spontaneous  emission  recorded  from  the  sample 
surface  under  identical  excitation  conditions  (see 
Fig.  4).  At  temperatures  below  I(K)  K,  strong 
luminescence  occurs  from  the  barriers,  indicating 
that  carriers  optically  generated  deep  beyond  the 
graded  barrier  layers  are  not  collected  into  QWs, 
Transfer  to  QWs  becomes  better  with  increasing 
temperatures,  so  that  the  barrier  luminescence 
decreases  with  respect  to  the  QW  luminescence. 
At  still  higher  temperatures,  one  observes 
strimgcr  luminescence  from  high  energy  tails  of 
QWs  as  well  as  from  the  barrier;  this  thermaliza- 
tion  takes  place  around  300  K  in  sample  C,  but 
around  250  K  in  sample  D  where  excited  levels 
are  closer  to  the  ground  levels. 

We  have  evaluated  the  balance  between  stimu¬ 
lated  emission  and  absorption  using  a  simple 
model  assuming  thermal  equilibrium  of  carriers 
in  QWs  and  barriers.  Such  a  model  has  been  used 
successfully  to  explain  the  better  temperature  be¬ 
haviour  of  CiRlNSCH  as  compared  to  SCH  in 
GaAs/CiaAIAs  single  QW  lasers  [5).  In  our  case 
the  fast  decrease  of  gain  above  250  K  in  sample 
[)  and  above  .300  K  in  sample  C’  is  reproduced 
very  well  by  the  model.  The  dominant  mechanism 
is  the  very  strong  escape  of  holes  into  the  barri¬ 
ers.  Note  that  another  detrimental  effect  of  the 
enhancement  of  the  carriers  density  in  the  barri¬ 


ers  might  be  an  increase  of  the  carrier  losses  due 
to  defects  in  the  alloy. 

In  the  low  temperature  regime  (under  2(M)-250 
K),  the  preceding  calculations  predict  also  a  de¬ 
crease  of  gain  due  to  escape  of  carriers  (espe¬ 
cially  holes)  into  the  barriers,  with  a  rate  some¬ 
what  lower  than  what  is  observed.  This  may  sim¬ 
ply  be  due  to  the  fact  that  thermal  equilibrium  is 
not  realized  in  the  low  temperature  regime  as 
a.ssumed  in  the  model.  However,  it  is  interesting 
to  note  that  similar  T,,  has  been  found  for  the 
temperature  dependence  of  thresholds  in  other 
II-VI  laser  systems  [6,7],  in  contrast  to  the  higher 
values  which  are  currently  encountered  in  III-V 
materials.  This  suggests  that  the  stronger  cou¬ 
pling  to  LO  phonon  in  II-VI  materials  may  play 
a  role,  i.e.  broadening  of  the  density  of  states 
curve  by  LO  phonon  scattering.  The  temperature 
dependence  of  the  exciton  linewidth  has  been 
measured  recently  in  similar  structures  [8],  It  is 
shown  that  the  broadening  of  the  exciton  line  can 
be  reduced  considerably  if  the  exciton  binding 
energy  is  larger  the  LO  energy  of  20  mcV.  In 
such  a  favourable  case,  the  exciton  linewidth  in¬ 
creases  with  temperature  with  an  apparent  T,,  = 
150  K.  which  should  correspond  to  an  upper  limit 
for  T],  associated  to  LO  phonon  scattering  in 
II-VI  materials. 


4.  Conclusion 

The  gain  in  CdTe-CdMnTe  GRINSCH  QW 
adapted  to  electron  pumping  in  a  microtip  semi¬ 
conductor  laser  has  been  measured  under  optical 
pumping  using  the  variable  stripe  length  method. 
At  low  temperature  (below  1(H)  K).  the  popula¬ 
tion  inversion  is  easily  attained  under  a  moderate 
excitation  density,  and  the  net  gain  reaches  a 
maximum.  The  dependence  of  gain  on  the  num¬ 
ber  of  OWs  (one  or  two)  is  easily  understotrd 
qualitatively  when  taking  into  account  the  change 
in  the  density  of  states.  A  decrease  in  the  maxi¬ 
mum  gain  is  observed  when  the  temperature  in¬ 
creases  from  KM)  to  2(K)-250  K:  its  rate  (T,,  =  1 10 
K)  is  similar  to  the  gain  variation  in  other  II-VI 
laser  structures,  as  well  as  to  the  line  broadening 
due  to  the  rather  high  coupling  to  LO  phonons. 
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At  higher  temperatures,  a  faster  decrease  of  the 
gain  is  ascribed  to  thermal  activation  into  excited 
and  barrier  states. 

The  room  temperature  gain  of  GRINSCH  QW 
lasers  can  be  improved  with  steeper  gradients 
(hence  smaller  density  of  states,  which  is  inversely 
proportional  to  the  gradient,  and  better  optical 
confinement),  deeper  QWs,  and  a  larger  number 
of  QWs.  However,  it  is  desirable  to  keep  the 
whole  GRINSCH  under  the  critical  thickness  for 
the  onset  of  mismatch  strain  relaxation  by  misfit 
defects.  This  in  turn  puts  a  strong  limitation  on 
the  usable  structures  in  the  CdTe-CdMnTe  sys¬ 
tem  (and  even  stronger  in  the  ZnSe-based  struc¬ 
tures)  as  compared  to  the  GaAs-GaAlAs  case. 
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Abstract 

Arrays  of  wires  and  dots  have  been  fabricated  by  electron  beam  lithography  and  Ar '  ion  beam  etching  from 
CdTc/ZnTc  quantum  wells.  The  intrinsic  cxcilon  photoluminescence  recombination  (X  line)  is  observed  for  wires 
(dots)  as  small  as  1(10  nm  (130  nm).  In  addition,  photolumincseence  intensity  from  cxcitons  bound  to  ItK-alizcd 
centres  (Y  line)  can  be  detected  for  the  smallest  wires  (40  nm)  and  for  the  dots  down  to  l(K)  nm.  The  emission 
intensity  variation  together  with  the  polarization  rate  are  also  investigated  as  a  function  of  the  grating  period. 


1.  Introduction 

With  the  development  of  wide  gap  1 1- VI  semi¬ 
conductor  heterostructures  for  optoelectronic  ap¬ 
plications  and  short  visible  wavelengths  [1,2],  it  is 
important  to  investigate  the  optical  properties  of 
Il-VI  quantum  wire  and  dot  structures  in  order 
to  evaluate  the  predicted  attractive  properties  of 
such  nanostructures  (increase  of  the  exciton  oscil¬ 
lator  strength,  lower  laser  threshold).  For  Il-VI 
nanostructures  only  wires  and  dots  made  of  ZnSc 
compounds  have  been  reported  so  far  in  the 
literature  [3,4].  In  this  paper,  we  present  the 
fabrication  and  the  optical  characterization  of 
CdTe/ZnTe  nanostructures  processed  by  elec¬ 
tron  beam  lithography  and  Ar "  ion  beam  elcliiiiijt 
with  lateral  sizes  down  to  40  and  70  nm  for  Tile 
wires  and  dots,  respectively.  The  total  lumines¬ 
cence  intensity  in  such  nanostructures  is  compa- 
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rablc  to  the  one  obtained  with  the  reference 
quantum  well  in  the  unetched  part  of  the  sample, 
but  is  dominated  by  the  recombination  of  e.xci- 
tons  localized  on  defects  rather  than  by  free 
exciton.  Below  40  nm  wire  widths  (KM)  nm  dot 
widths),  this  extrinsic  emission  is  completely 
quenched. 


2.  Experimental  details 

The  CdTe/ZnTe  ((KID  quantum  wells  were 
grown  by  molecular  beam  epitaxy  on  GaAs  sub¬ 
strate.  covered  by  a  2.7  /xm  thick  CdZnTe  (IbG 
Zn)  buffer  layer.  The  multiquantum  well  (MOW) 
,j» structure  contains  5  periods  ot  OWs  and  barriers 
',*with  thicknesses  of  13  and  1.6  nm.  respectively. 
Conventional  electron  beam  nanolithography  was 
used  on  a  l.‘'()  nm  thick  polymethylmethacrylate 
resist  layer  to  produce  high  density  periodic  pat¬ 
terns  on  the  sample.  The  experimental  conditions 
(exposure  time,  beam  spot  size)  were  optimized 
to  obtain  well-defined  arrays  of  40  /xm  x  40  /xm 
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of  wires  and  dots.  After  deposition  of  a  titanium 
layer  of  50  nm,  a  lift-off  process  was  used  to 
produce  metallic  wires  and  dots.  The  transfer  of 
this  pattern  to  the  underlying  QWs  was  obtained 
by  etching  the  sample  through  the  Ti  mask  with  a 
conventional  Ar*  ion  beam  etching  sy.stem.  The 
nanostructures  were  observed  using  a  high  reso¬ 
lution  scanning  electron  microscope  (SEM).  Fig. 
1  shows  such  images  attesting  that  the  technologi¬ 
cal  processes  (lithography  and  etching)  allow  us 
to  control  lateral  dimensions  down  to  40  nm  for 
the  wires  and  70  nm  for  the  dots.  A  close  exami¬ 
nation  of  SEM  images  shows  that  the  typical 
inclination  of  the  sidewalls  was  about  10°.  Such 
patterns  were  reproduced  with  various  lateral 
sizes  (40  to  170  nm  for  the  wires  and  70  to  210 
nm  for  the  dots)  for  a  given  grating  period  (0.4 
/xm).  Moreover,  for  a  given  wire  width  (80  nm), 
various  arrays  were  made  with  different  periods 
ranging  from  0.4  to  2  /am. 

Optical  spectroscopy  (photoluminesccnce  (PL), 
photoluminescence  excitation)  was  performed  at 
low  temperature  (1.8  K)  with  a  mapping  set-up 


having  a  spatial  resolution  of  20  /am  (laser  spot 
size).  The  sample  was  excited  either  above  the 
band  gap  of  the  barrier  with  an  Ar  laser,  or  in 
resonance  in  the  well  using  a  dye  laser  with  a 
typical  power  density  of  5(K)  W/cm^ 


3.  Optical  results 

Fig.  2  shows  PL  spectra  of  quantum  wires  with 
lateral  .sizes  changing  from  170  to  40  nm,  together 
with  a  PL  spectrum  of  quantum  dots  (210  nm 
size)  and  a  2D  QW  reference  spectrum  obtained 
on  a  large  unetched  area.  This  spectrum  exhibits 
two  lines:  X  line,  corresponding  to  the  e|h|  in¬ 
trinsic  excitons  in  the  CdTe-ZnTe  QWs.  and  Y 
line,  corresponding  to  the  extrinsic  excitons  local¬ 
ized  on  residual  defects  (its  energy,  4  meV  below 
the  X  line,  is  compatible  with  a  donor  bound 
exciton  [5.6]).  Extrinsic  luminescence  at  1.57-1.58 
eV  is  believed  to  be  related  to  the  extended 
defects  [7].  The  PL  spectra  of  wide  wires  and 
dots,  as  compared  to  the  2D  spectra,  exhibit: 


Fig.  1.  SFM  images  (if  peridilic  quantum  wires  and  dtils  etched  into  the  CdTe/ZnTc  heterostructures.  The  five  QWs  are  Uxrated 
below  the  1(H)  nm  CdZnTe  cap  layer.  The  sizes  arc  40  nm  for  the  wires  and  70  nm  for  the  dots.  (The  scale  is  given  by  twii  successive 
points  which  correspond  to  .4(1  nm.) 
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(i)  a  blue  shift  of  both  exciton  lines  towards  higher 
energy  (=1.5  meV  for  the  wires  and  3  meV  for 
the  dots); 

(ii)  a  vanishing  of  the  extrinsie  luminescence  at 
1.57-1.58  cV; 

(iii)  a  marked  variation  in  the  relative  intensity  of 
the  intrinsic  Cih,  and  extrinsic  transitions  (ratio 
X/Y). 

All  the  above  PL  features  are  similar  to  those 
observed  on  the  PL  spectra  of  samples  implanted 
at  3(K)  K  with  different  ions  (Zn,  Ar,  Cd)  followed 
by  a  moderate  annealing  for  which  interdiffusion 
of  CdTe/ZnTe  strained  QWs  was  observed  [7]. 
In  our  case,  the  Ar'"  ion  beam  etching  creates 
both  structural  defects  under  the  Ti  mask  by 
straggling  and  a  local  annealing.  This  would  in¬ 
duce  an  intermixing  which  gives  rise  to  the  blue 
shift  observed  for  the  exciton  line.  The  vanishing 
of  extrinsic  luminescence  at  1.57-1.58  cV  is  also 
a  signature  of  some  local  annealing  effect  [7]. 
Finally,  the  increase  of  the  Y  line  intensity  can 
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Fig.  3.  Normalized  PL  iniensities  td  the  two  exeium  lines  as  a 
function  of  the  lateral  dinicnsit>ns.  The  circles  correspond  to 
the  intrinsic  recombination  l\  line)  and  the  triangle-s  \o 
extrinsic  recombination  (Y  line).  The  dashed  lines  are  only  a 
guide  to  the  eyes.  The  PL  intensities  observed  for  the  refer¬ 
ence  2D  uneiched  part  are  also  shown. 


reveal  a  variation  in  the  distribution  of  impurities 
or  defects  responsible  for  the  extrinsic  Y  line 
during  the  ion  beam  etching. 

For  narrower  wires  and  dots,  the  intrinsic  .\ 
line  disappears  and  only  the  Y  line  can  be  de¬ 
tected.  This  line  broadens  up  to  10  meV  for  the 
smallest  wire  size  (40  nm).  and  no  significant  blue 
shift  due  to  lateral  confinement  is  observed.  (This 
broadening  is  also  observed  in  photolumines- 
cence  excitation  spectra.)  In  our  case,  the  lateral 
confinement  effect  could  be  obscured  by  disper- 
.sion  of  lateral  wire  size  in  the  MOW  structure 
because  of  the  inclined  sidewalls.  Taking  wire 
sizes  equal  to  40  ±  15  nm.  one  would  expect  a 
blue  shift  varying  between  2  and  7  meV  for  an 
infinite  lateral  potential  (this  ID  energy  range  is 
reported  in  Fig.  2). 

Fig.  3  shows  the  evolution  of  the  X  and  Y 
exciton  line  intensities  for  both  wires  and  dots  as 
a  function  of  their  lateral  sizes.  These  intensities 
arc  deduced  after  deconvoluting  the  PL  spectra 
obtained  under  a  resonant  excitation,  .so  that  the 
carriers  are  created  only  in  the  CdTe  QWs.  Then 
the  PL  intensities  arc  normalized  to  the  wire 
(dot)  surface.  We  would  like  to  note  that  the  PL 
results  obtained  for  the  40  nm  wires  are  not 
reported  in  this  figure  because  they  were  ob- 
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tuincd  on  an  array  with  a  different  period  and 
with  a  different  excitation  power.  In  Fig.  3.  the 
striking  result  is  the  increase  of  the  Y  line  lumi¬ 
nescence  intensity  for  the  wide  nanostructures  as 
compared  to  the  one  obtained  for  the  reference 
2D  unetched  part.  The  X  and  Y  exciton  line 
intensities  drop  by  about  one  order  of  magnitude 
for  the  smallest  patterns.  The  X  line  disappears 
for  wire  sizes  lower  than  1(K)  nm  and  dot  sizes 
lower  than  130  nm:  this  difference  between  the 
two  types  of  nanostructures  could  be  due  to  the 
lateral  surface  damage  which  is  expected  to  be 
more  dominant  for  the  dots. 

Note  that  no  overgrowth  was  realized  to  obtain 
these  results,  in  contrast  to  the  III-V  nanostruc¬ 
tures  where  the  recovery  of  luminescence  inten¬ 
sity  was  obtained  by  overgrowth  on  the  etched 
patterns  in  order  to  reduce  surface  recombina¬ 
tion  [8].  The  increase  of  the  PL  quantum  effi¬ 
ciency  in  the  wide  nanostructure  arrays  is  corre¬ 
lated  with  two  experimental  observations.  First, 
in  the  implanted  enhanced  interdiffusion  study 
mentioned  above  [7],  an  increase  by  a  factor  of  2 


of  the  PL  efficiency  was  observed  between  the  2D 
as-grown  sample  and  the  annealed  one.  Secondly. 
PL  intensity  from  arrays  of  80  nm  wires  is  in¬ 
creased  by  a  factor  of  4  when  the  period  is 
smaller  than  0.7  /im.  This  is  reported  in  Fig.  4 
where  the  PL  intensity  from  80  nm  wires  is  plot¬ 
ted  as  a  function  of  the  wire  period.  A  strong 
increase  of  the  PL  intensity  is  observed  for  peri¬ 
ods  between  0.8  and  0.6  fim.  Moreover,  for  these 
period  values,  the  emission  becomes  strongly  po¬ 
larized  along  the  wires  for  both  excitation  polar¬ 
izations.  parallel  and  perpendicular  to  the  wires. 
It  is  to  be  noted  that  these  thresholds  for  both 
the  PL  intensity  and  the  polarization  ratio  appear 
for  a  period  corresponding  to  the  emission  wave¬ 
length  of  the  CdTe  QWs.  This  strong  polarization 
effect  is  not  related  to  a  lateral  confinement 
effect,  but  is  rather  due  to  an  electrodynamic 
effect  such  as  an  increase  of  the  coupling  be¬ 
tween  the  emission  light  and  the  grating  period  of 
the  wires.  This  polarization  effect  has  to  be  calcu¬ 
lated  following  the  model  presented  in  ref.  [9). 

Finally,  as  shown  in  Fig.  3.  the  free  exciton 
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emission  intensity  (X  line)  vanishes  always  before 
the  extrinsic  one  (Y  line).  This  result  can  be  due 
to  the  fact  that  free  excitons  can  migrate  to  the 
wire  (dot)  sidewalls  and  recombine  nonradiutively 
on  surface  defects.  On  the  other  hand,  excitons 
trapping  on  localized  centres  such  as  impurities 
into  the  wires  (dots)  can  favour  the  observation  of 
radiative  recombination  (Y  line)  down  to  the 
smallest  nanostructures  sizes. 


4.  Conclusion 

Quantum  wires  and  dots  are  fabricated  from 
CdTe/ZnTe  multiquantum  wells  g'own  by 
molecular  beam  epitaxy.  High  rc  'iition  ^icctron 
beam  lithography  and  Ar  *  ion  [  ’  etching  are 

used  to  define  arrays  of  wires  anu  Ljts  with  sizes 
down  to  40  and  70  nm.  respectively. 

The  PL  spectra  and  the  PL  intensities  of  these 
nanostructures  are  studied  as  a  function  of  their 
size.  Without  any  overgrowth,  the  PL  intrinsic 
exciton  recombination  (X  line)  is  observed  for 
wires  (dots)  as  small  as  100  nm  (1.40  nm).  In 
addition.  PL  intensity  from  extrinsic  excitons 
bound  to  localized  centres  (Y  line)  can  be  de¬ 
tected  for  wires  (down  to  40  nm)  and  for  dots 
(down  to  100  nm).  By  studying  the  polarization 
dependence  of  the  emitted  light  as  a  function  of 
the  grating  period,  we  observed  an  electrody¬ 
namic  polarization  effect  which  modifies  the 
emission  properties  of  wire  gratings. 
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Abstract 

Wc  present  the  optical  characterization  of  MOVPE  grown  ZnSe,Te,  ,  epilayers  with  0<.v<().35  and 
ZnSe.Tc,  single  quantum  wells  (SOWs)  with  L.  =  2.0-8.5  nm.  The  structures  were  investigated  using  photore- 
flectancc  and  photolumincscence  spectroscopy.  Transmission  electron  microscope  analysis  was  used  to  determine 
quantum  well  thickness.  The  studied  ZnSe,,  iTc,,  ,  SWQs  show  a  bright  emission  band  with  a  halfwidth  '  10  meV  in 
the  spectral  region  of  100-250  meV  below  the  band  gap  of  the  corresponding  mixed  crystal.  We  suggest  a  type  II 
bands  alignment  in  ZnSc,Te|  ,/ZnTe  single  quantum  wells. 


1.  Introduction 

The  properties  of  semiconductor  mixed  crys¬ 
tals  and  quantum  well  structures  of  II-VI  com¬ 
pounds  attracted  increasing  interest  because  of 
the  growing  use  of  these  materials  in  opto-elec- 
tronic  devices  operating  in  the  visible  spectral 
region.  In  heterostructures  with  ZnSe,  ZnTe  and 
ZnSe,Te|  ,  materials  the  variation  of  the  band 
gap  at  room  temperature  is  possible  from  the 
blue  to  the  yellow-red  region.  Molecular  beam 
epitaxy  (MBE)  and  metalorganic  vapour  phase 
epitaxy  (MOVPE)  growth  of  ZnSe,TC|  ,  epilay¬ 
ers  in  the  whole  concentration  range  was  re¬ 
ported  by  different  groups  [1-3J.  However,  the 
most  of  experimental  data  on  the  optical  proper¬ 
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ties  of  ZnSe,Te|_^  epilayers  are  related  to  the 
composition  close  to  ZnSe  [2.3].  In  this  paper  we 
present  the  evolution  of  the  luminescence  spectra 
in  MOVPE  grown  ZnSc,TC|_.  epilayers  near 
ZnTe  binary  compound. 

Experimental  and  theoretical  studies  of 
ZnTe,  _,Se,/ZnTe  strained  layer  superlattices  [4] 
show  that  this  system  has  a  type  II  band  align¬ 
ment  because  of  a  large  valence  band  offset  (  ^  1 
eV)  between  ZnTe  and  ZnSe  binary  compounds. 
In  the  present  work  we  show  that  in  a  strained 
layer  ZnSe , Te ,  /ZnTe  SOW.  recombination 
has  a  type  II  behaviour  when  electrons  are  con¬ 
fined  in  the  ZnSe,Te|  ,  QW  and  holes  are  in  the 
ZnTe  material. 


2.  Experimental  procedure 

The  studied  structures  were  grown  in  our  labo¬ 
ratory  by  atmospheric  pressure  MOVPE  at  7  = 
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340°C  with  diisopropyitelluride  (DlPTe)  and  dial- 
lylselenide  (DASe)  in  combination  with  dimeth- 
ylzinc-triethylarninc  (DMZn-TEN).  (001)  GaAs 
was  use  as  a  substrate  for  epilayers  and  OW 
structures.  The  growth  rate  was  about  0.7  /im/h. 
The  composition  rate  x  of  the  epilayers  was 
measured  by  X-ray  diffraction  analysis  and  the 
monocrystalline  quality  was  confirmed  by  trans¬ 
mission  electron  microscope  (TEM)  measure¬ 
ments.  The  growth  of  ZnSe^Te,  QWs  was  per¬ 
formed  with  10  min  interruptions  at  the  inter¬ 
faces. 

Photoluminescence  (PL)  spectra  were  mea¬ 
sured  at  2  K  under  the  excitation  with  an  Ar-ion 
laser  line  458  nm  (2.707  eV).  PL  spectra  were 
detected  at  normal  incidenee  using  a  1  m  double 
Jarrel-Ash  spectrometer  and  a  cooled  GaAs 
photomultiplier. 

A  1000  W  halogen  lamp  and  a  1/4  m  mono¬ 
chromator  were  used  for  photoreflectance  (PR) 
measurements  to  obtain  a  probe  beam  with  a 
spectral  halfwidth  of  0.2  nm.  A  pump  beam  of  a 
336  nm  line  of  a  high  pressure  mercury  lamp  was 
focused  at  the  sample  placed  in  a  helium  bath 
cryostat.  We  used  the  sweeping  photoreflectance 
technique  described  in  ref.  [5]  to  avoid  the  influ¬ 
ence  of  the  intense  PL  background.  The  lumines¬ 
cence  and  the  reflected  probe  beam  were  de¬ 
tected  in  back-scattering  configuration  by  a  cooled 
bialkali  photomultiplier. 

{110}  Cross-sectional  samples  were  prepared 
for  transmission  electron  microscope  (TEM)  in¬ 
vestigation.  The  cleaved  samples  were  glued  to¬ 
gether  and  cut  into  slices  of  300  /am.  Then  they 
were  mechanically  thinned  to  a  thickness  of  about 
25  /am.  Finally,  the  specimens  were  thinned  to 
electron  transparency  during  liquid  nitrogen  cool¬ 
ing  by  a  two-gun  Ar*  ion  mill.  TEM  micrographs 
were  obtained  with  a  Philips  CM3()  microscope 
with  a  point  resolution  of  the  objective  lens  of 
0.23  nm. 


3.  ZnSc^Te,_,  epilayers 

The  studied  ZnSe,Te,_,  epilayers  show  at  T 
=  2  K  a  bright  emission  in  the  excitonic  region 
which  indicates  to  a  high  quality  of  the  grown 


Energy  (eV) 


Fig.  I.  PL  spectra  of  ZnSeTe,  _ ,  epilayers.  Arrows  mark  the 
position  of  e.xcitonic  resonances  obtained  from  photore- 
flectance  measurements. 


samples.  Low  temperature  PL  spectra  of 
ZnSe,.Te,_,  are  shown  in  Fig.  1.  With  the  in¬ 
crease  of  the  Se  content  in  the  layer  the  emission 
spectrum  shifts  to  lower  energies  aecording  to  the 
band  gap  changes  in  ZnSe  ,Te ,  _ ,  mixed  crystals 
[1]. 

In  the  epilayers  with  low  Se  concentration 
(.V  <  0.1 ),  PL  spectra  are  similar  to  those  found  in 
pure  ZnTe  layers  grown  by  the  same  MOVPE 
technique  [6].  The  spectrum  consists  of  free  exci- 
tons  line,  split  by  thermal  strain  into  heavy-hole 
(E,,)  and  light-hole  (E,)  components,  lines  of 
excitons  bound  to  neutral  shallow  acceptors  1,^ 
and  I|h,  and  donor-acceptor  (D-A)  pair  recom¬ 
bination  band  [6].  Two  deep  Y,  and  Y,  bands  in 
the  sample  with  x  =  0.005  were  assigned  to  the 
dislocation  related  transitions  [7].  In  the  concen¬ 
tration  region  0.1  <.r<0.2,  PL  spectra  contain 
two  emission  bands  which  were  attributed  to  the 
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free  exciton  and  acceptor  bound  exciton 
(A",  X)  recombination  [8].  In  the  region  of  com¬ 
positions  with  X  >  0.2  for  the  best  quality 
ZnSe/Te,  epilayers,  one  emission  band  E,  and 
its  ILO  phonon  replica  were  observed.  In  the 
samples  with  higher  concentration  of  residual  im- 
puritie.s,  1 LO  phonon  replica  is  overlapped  by  the 
(A".  X)  band. 

The  detailed  study  [8]  of  the  spectral  position, 
temperature  dependence  and  the  comparison  with 
the  spectra  of  the  bulk  ZnSc,TC|_,  mixed  crys¬ 
tals  allowed  us  to  attribute  the  El  band  to  the 
radiative  recombination  of  the  excitons  localized 
by  compositional  fluctuations  of  the  mixed  crystal 
[9].  This  assignment  is  also  supported  by  the 
essential  increase  of  the  whole  PL  intensity  in 
ZnSe^Te,_j  epilayers  with  the  increase  of  com¬ 
position  X.  It  was  shown  in  ref.  [8]  that  in  this 
concentration  region  there  is  a  low  energy  shift  of 
the  peak  position  El  band  from  the  position  of 
the  excitonic  resonance.  The  excitonic  band  edge 


position  was  obtained  from  PL  excitation  spectra 
and  from  the  temperature  dependence  of  PL. 
since  no  distinguishable  fine  structure  in  the  exci¬ 
ton  reflection  spectra  has  been  observed  for  the 
compositions  jc  >  0, 1. 

In  this  work  we  have  used  a  photoreflectance 
technique  to  determine  the  position  of  excitonic 
resonance  in  the  samples  with  a  higher  Se  con¬ 
centration.  A  pronounced  excitonic  structure  in 
PR  spectra  was  detected  for  the  concentrations 
up  to  X  =  0.25.  At  higher  Se  compositions,  the 
broadening  of  the  PR  spectrum  increa'  apidly 
and  smears  out  the  excitonic  fine  struciuic.  The 
exciton  resonance  positions  obtained  from  the 
PR  spectra  are  presented  in  Fig.  1.  At  low  Se 
concentration,  excitonic  resonance  is  located  near 
the  maximum  of  free  exciton  emission  E,;.  For 
the  sample  with  x  =  0.25.  the  position  of  the 
excitonic  resonance  corresponds  to  the  high  en¬ 
ergy  edge  of  the  PL  band  of  localized  excitons 
Ej  .  The  concentration  dependence  of  the  exci- 


Fig.  2.  Single  beam  bright  field  image  of  ZnSc„  ,Te|, ,  SOW  structure. 
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tonic  band  edge  can  be  well  fitted  by  a  parabolic 
function 

£cx(  0  =  fex(0)(  1  -  A  )  +  £„(  1 )  A-  -  />.r(  1  -  X), 

with  a  bowing  parameter  b  =  1.35  ±0.1  cV  which 
is  in  agreement  with  b=  1.36  eV  obtained  from 
temperature  dependent  of  PL  (8]  and  is  smaller 
that  the  value  6=1.504  eV  determined  from 
photoconductivity  measurement  [1]. 


4.  ZnSejjTe,_,/ZnTe  quantum  wells 

We  have  studied  three  samples  with  ZnSe,,, 
Te,i7  QWs  confined  by  ZnTe  binary  compound. 
Two  samples  contain  single  ZnSe|,  ,Te„7  QWs 
( L,  =  4.2  nm  and  L.  =  6,3  nm)  with  1.5  yum  ZnTe 
buffer  layer  and  0.5  ZnTe  cap  layer.  The 
third  sample  contains  three  ZnSe„,Te|,7  QWs 
with  thicknes.scs  L.  =  2.l.  4.2  and  8.4  nm  sepa¬ 
rated  by  a  0.5  /urn  ZnTe  material. 

Tig.  3  shows  a  single  beam  bright  field  image 
of  the  sample  with  4.2  nm  thick  SQW.  Since  no 
dislocations  can  be  found  in  the  region  of  the 
quantum  well,  we  assume  that  the  QvV  layers  are 
below  the  critical  thickness  for  strain  relaxation. 
The  thicknesses  of  the  investigated  QWs  were 
measured  by  high  resolution  transmi.ssion  elec¬ 
tron  microscopy  (HRTEM),  facilitated  by  new 
digital  analysis  methods  which  will  be  described 
in  detail  elsewhere. 

Since  the  quantum  well  lattice  constant 
perpendicular  to  the  interface  plane  differs  from 
the  lattice  constant  of  the  embedding  ma¬ 

terial.  the  thickness  of  the  quantum  well  can  be 
determined  by  the  analysis  of  lattice  spacing.  For 
this  purpose  the  HRTEM  negatives  are  digitized 
with  a  CCD  camera  at  a  resolution  of  768  X  512 
pixels.  The  digitized  images  are  proces.sed  on  a 
Silicon  Graphics  work  station.  The  noise  part  of 
the  Fourier  transform  which  results  from  .sample 
surface  amorphization  during  the  ion  milling  pro¬ 
cess,  contamination  during  electron  microscopy 
investigation,  grains  of  the  negative  and  noise  of 
the  CCD  camera  is  detected  automatically  and 
reduced  by  Wiener  filtering.  After  inverse  Fourier 
transformation,  the  approximate  atom  position., 
can  be  found  as  local  brightness  maxima.  Fitting 
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Fig.  3.  Result  of  the  digital  analysis  of  lattice  spacings  in  the 
structure  with  a  ZnSe„  quantum  well. 


the  parabolic  curves  to  the  intc  isities  along 
straight  lines  which  cross  the  brightness  maxim:' 
enhances  the  accuracy  of  atom  position  determi¬ 
nation  to  typically  0.2  pi.xel.  The  lattice  basis 
vectors  and  R,  ,,1,1  are  evaluated  by  avera.e- 
ing  lattice  spacings  of  the  found  atom  positions  in 
a  region  located  safely  in  the  ZnTe.  The  positions 
R,j  =  form  a  reference  lattice 

which  can  be  compared  to  the  determined  atom 
po.sitions  /’y.  The  resulting  difference  vectors  D,^ 
=  P,j-R,j  are  projected  onto  the  ((K)l>  direc¬ 
tion,  averaged  over  N  {001)  planes  and  standard¬ 
ized  to  the  (001)  plane  distance  |.  giving 


The  result  of  the  analysis  is  shown  in  Fig.  3. 
Here  the  reference  lattice  was  situated  in  the  left 
part  of  the  HRTEM  image.  In  the  region  of  the 
ZnSe„,Te„7  quantum  well,  the  smaller  lattice 
constant  a'f"'  causes  decreasing  values  of  the 
lattice  difference  d,  with  increasing  layer  number 
)  according  to 

,  =  (ar 

Therefore,  the  14+2  planes  >  =  25+1  to  >  = 
38  ±  1  in  Fig.  3  belong  to  the  ZnSe.Te,  ,  QW. 

The  studied  ZnSe„  ,Te„  7  SWQ  structures  show 
at  low  temperature  a  bright  luminescence  in  yel¬ 
low-red  region.  The  PL  spectrum  of  the  sample 
with  a  .single  QW  ( L.  =  4.2  nm)  (Fig.  4b)  contains 
emission  of  the  pure  ZnTe  barrier  and  two  bands 
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Fig,  4.  C'dmparison  of  Ihc  PL  spoclra  of  ZnSc„  iTc„-  cpilayor 
(a)  and  structures  with  ZnSen  iTen-  OWs  (b.c.dt.  Spectrum 
(d)  was  detected  from  the  sample  with  three  ZnSe.nTe,,- 
OWs  under  the  excitation  below  the  energy  gap  of 

ZnTe. 


at  about  200  mcV  below  the  band  gap  of  the 
corresponding  alloy  (Fig.  4a).  The  main  peak 
(2.022  eV)  is  attributed  to  the  excitonic  recombi¬ 
nation  in  the  QWs.  The  one  at  lower  energies 
(1.996  eV)  is  probably  related  to  the  reexfmbina- 
tion  involved  residual  impurities. 

The  spectral  position  of  the  QW  PL  band 
depends  on  the  composition  of  the  mixed  crystal 
and  on  the  OW  thickness.  The  maximum  of  the 
PL  band  in  the  QW  shifts  to  higher  energies  with 
a  decrease  of  the  OW  thickness.  In  the  sample 
with  three  OWs  (Figs.  4c  and  4d),  the  positions  of 
the  recombination  bands  are  1.972,  2.()2.‘>  and 
2.11.“'  eV  lor  =8.4.  4.2  and  2.1  nm,  respec¬ 
tively.  At  the  same  time  the  halfwidth  of  the 
emission  line  increases  monotonically  from  7  to 


12  meV.  As  it  was  mentioned  above,  the  OWs  are 
coherently  strained  and  we  assume  that  the  blue 
shift  of  the  PL  bands  is  due  to  the  confinement 
effect  in  OW. 

The  type  of  the  band  alignment  in  our  system 
was  determined  using  the  concentration  depen¬ 
dence  of  the  band  gap  in  ZnSe,Te|  ,  epilayers 
obtained  from  PR  measurements.  We  used  ai^o 
the  linear  dependence  of  the  valence  band  edge 
on  the  composition  of  the  mixed  crystal  and  a 
valence  band  offset  of  -0.9  eV  between  Zn  le 
and  ZnSe  [4].  We  found  that  the  band  alignment 
in  ZnSe,,  ..TCiit.  OW  corresponds  to  the  type  II 
recombination  when  the  electrons  are  quantized 
in  a  OW  and  the  holes  are  situated  in  Zn  Tc.  I  hc 
depth  of  the  OW  in  the  conduction  band  of  about 
0.45  eV  was  derived  for  our  system  by  fitting  the 
positions  y)f  the  PL  peaks  in  the  sample  with 
three  OWs  using  the  theory  for  OW's  with  finite 
barriers. 


5.  Conclusions 

We  have  studied  the  optical  properties  of 
ZnSc,TC|  ,  epilayers  ;ind  SOWs.  It  was  found 
that  the  mixed  crystals  with  composition  ,v  <  0.1 
have  the  same  recombination  channels  as  binary 
ZnTe  epilayers.  The  incretise  of  Se  composition 
leads  U)  the  es.sential  broadening  of  all  recombi¬ 
nation  lines.  At  the  compositions  .v  >  0.2.  the  PL 
spectrum  is  dominated  by  the  recombination  of 
excitons  localized  by  the  compositional  disorder 
of  the  mixed  crystal,  which  is  a  common  property 
of  11- VI  mixed  crystals  with  anion  substitution 
[9].  ZnSCjTc,  ,  .SOW  structures  with  ZnTe  har¬ 
riers  show  a  type  II  band  alignment  when  the 
electrons  are  confined  in  the  ZnSe,Te|  ,  quan¬ 
tum  well  and  the  holes  are  in  the  ZnTe  material. 
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Abstract 

Quantum  well  structures  with  semimagnctic  barriers,  ZnSc/(Zn.Mn)Se.  or  semimagnetie  wells.  (Zn.Cd.Mn)Se/ 
ZnSe.  are  studied  by  luminescence  and  reflection  spectroscopy  in  an  external  magnetie  field  up  to  7..*'  T.  A  unique 
offset  dependence  on  the  manganese  eoncentration  and  a  type  conversion  of  the  ZnSe/(Zn.Mn)Se  heterosiruclures 
due  to  the  giant  Zeeman  splitting  of  the  barriers  are  found.  In  the  (Zn,Cd.Mn)Sc/ZnSc  structures,  a  strong  reduced 
energy  transfer  from  the  exciton  states  to  the  Mn  internal  transition  was  found,  which  is  further  suppressed  by  an 
increasing  magnetic  field.  Therefore  (Zn.Cd.Mn)Sc  quantum  wells  can  be  proposed  to  be  suitable  and  effective  for 
tuneable  blue-green  laser  devices  in  an  external  magnetic  field.  The  field  dependent  energy  splitting  both  of  well  and 
barrier  cxcitons  arc  significantly  anisotropic  with  respect  to  the  orientation  of  the  magnetic  field  B  parallel  or 
perpendicular  to  the  growth  axis.  This  magneto-optical  anisotropy  can  be  explained  by  the  mixing  of  the  hea\y  and 
light  hole  states  in  the  framework  of  a  multi-band  envelope-function  approximation. 


1,  Introduction 

ZnSe-based  nanostructures  are  becoming  more 
important  as  device  applications,  e.g.  blue  laser 
structures  [1-.^],  begin  to  be  realized.  Using  man¬ 
ganese-containing  mixed  crystals  for  preparing 
such  nanostructures,  semimagnetie  quantum  wells 
and  superlatticcs  can  be  formed,  offering  a  wide 
tuning  of  the  exciton  energies  in  an  external 
magnetic  field.  These  exciton  shifts  arc  caused  by 


*  C  orresponding  uulhtir. 

*  Deceased. 


a  giant  Zeeman  splitting  due  to  a  strong  s,p-d 
exchange  interaction  between  electron  and  hole 
band  states  and  the  localized  Mn’"  (.7d')  elec¬ 
tron  states  [4,5]. 

In  the  present  paper  luminescence  and  rellcc- 
tion  measurements  are  reported  of  ZnSe/(Zn, 
Mn)Se  single  and  multiple  quantum  wells  and 
(Zn,Cd.Mn)Sc/ZnSe  single  quantum  well  struc¬ 
tures.  The  structures  were  deposited  on  750  or 
9(K)  nm  thick  ZnSc  buffer  layers,  respectively, 
which  were  grown  on  (1(X))  oriented  GaAs  sub¬ 
strates  in  a  DCA  .T5()  MBE  .system  equipped  with 
effusion  cells  for  Zn,  Cd,  Mn  and  Se.  The  opti¬ 
mum  growth  temperature  has  been  found  to  be 
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31()°C.  The  growth  process  was  monitored  by 
means  of  RHEED.  A  (2  X  1)  and  a  c(2  x  2)  re¬ 
construction  were  always  seen.  The  growth  was 
interrupted  under  Se-rich  conditions  of  3  min 
duration  in  order  to  smooth  the  interface  be¬ 
tween  the  individual  layers  [6]. 

The  first  magneto-optical  investigations  of 
ZnSe/(Zn.Mn)Se  MQWs  and  superlattices  were 
presented  some  years  ago  [7,8].  In  section  2  of  the 
present  paper,  results  are  discu.ssed  coneerning 
the  magnetie  field  induced  ehange  of  the  band 
alignment  and  type  conversion  of  ZnSc/(Zn, 
Mn)Se  heterostructures,  due  to  the  reeently  pub¬ 
lished  unique  offset  dependence  on  the  man¬ 
ganese  concentration  [9].  For  comparison, 
(Zn.Cd,Mn)Se/ZnSe  quantum  well  struetures 
with  semimagnetic  wells  were  investigated  (sec¬ 
tion  3).  A  significant  anisotropy  of  the  exeiton 
splitting  was  found  with  respect  to  the  orientation 
of  the  magnetic  field  parallel  or  perpendicular  to 
the  normal  axis  of  all  samples  (section  4). 


Fig.  1.  Energy  position  of  the  well  e,xcilon  luminescence  of 
ZnSe/(Zn.Mn)Se  MOW  structures  with  various  well  widths 
in  dependence  on  the  external  magnetic  field.  .i\,„  =  0.2.s. 
barrier  width  /,h  =  Sf>nm.  10  wells.  Well  widths;  (a) /,»  =  D.S.'* 
nm.  (b)  2.H.S  nm.  (c)  4.S.S  nm.  (d)  0.1  nm. 


2.  Type  conversion  in  an  external  magnetic  Held 

(Zn.Mn)Se  exhibits  a  band  gap  dependence  on 
the  manganese  concentration  with  a  strong  bow¬ 
ing  for  .t\^„<().l  [10.11],  leading  to  a  unique 
offset  dependence  of  the  ZnSe/(Zn.Mn)Se  het- 
crostructures  [9],  If  the  concentration  is  high 
enough  '■Vm„>0.2)  the  samples  exhibit,  indepen¬ 
dent  on  the  particular  strain,  a  type  I  line-up 
where  ZnSe  acts  as  the  quantum  well  and 
(Zn.Mn).Se  as  the  barrier.  For  <0.1.  type  II 
heterostructures  are  formed.  In  Fig.  1  the  energy 
position  of  the  ZnSe  well  exeiton  emission  is 
shown  for  a  series  of  MQW  samples  with  well 
widths  in  the  range  of  0.8,3  to  9.1  nm  in  an 
external  magnetic  field.  The  manganese  concen¬ 
tration  in  the  barriers  is  =  0.2.3.  (Zn,Mn)Se 
exhibits  an  increasing  lattice  constant  with  in¬ 
creasing  manganese  concentration.  The  resulting 
opposite  strain  in  the  wells  and  barriers  leads  to 
an  opposite  splitting  of  the  respective  valence 
band  states.  The  upper  valence  band  of  the  ZnSe 
wells  has  a  light-hole  character  parallel  to  the 
superlattice  axis  and  therefore  the  luminescence 
peaks  have  to  be  ascribed  to  the  Ih  exeiton  state. 


A  strong  confinement  effect  for  this  series  of 
samples  was  found,  to  be  seen  in  Fig.  1  for  zero 
field.  With  increa.sing  magnetic  field  a  shift  of  the 
exeiton  luminescence  is  observable,  caused  by  the 
exchange  interaction  with  the  manganese  d-states 
of  that  part  of  the  well  exeiton  wave  function, 
which  penetrates  into  the  barrier.  For  the  sample 
with  =9.1  nm  nearly  no  shift  is  observable, 
but  with  a  decreasing  well  width  and  therefore 
increasing  confinement  effect  a  stronger  shift  can 
be  .seen,  due  to  the  stronger  delocalization  of  the 
exeiton  wave  function. 

In  Fig.  2  the  energy  positions  of  the  reflection 
spectra  for  ZnSe/(Zn,Mn)Se  single  quantum  well 
structures  are  shown.  The  ZnSe  wells  had  a  con¬ 
stant  thickness  of  about  5.1  nm,  but  different 
manganese  concentrations.  The  thickness  of  the 
cladding  layers  (Lh  =  5()0  and  20  nm)  made  it 
possible  to  observe  the  well  and  barrier  reflection 
signals,  and  therefore  the  Zeeman  splittings  of 
both  hh  exeiton  states  are  given  in  Fig.  2.  The 
curves  arc  measured  in  the  Faraday  configuration 
with  the  field  parallel  to  the  sample  axis.  With 
decreasing  manganese  concentration,  the  differ¬ 
ences  between  the  well  and  barrier  exeiton  posi- 
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Fig.  2.  Energy  position  of  the  heiiv\  hole  biirricr  (  )  and  well 
(•)  cxcilon  stales  in  dependence  on  the  external  magnetic 
field  measured  b\  renection  spectroscopy  for  ZnSe/(Zn. 
Mn)Se  SOW  structures  with  varii)us  manganese  concenlra* 
lions  in  the  barrier:  (a)  =  0.28,  (b)  =  0.21.  (c>  .Vv)„  = 

0.12;  constant  well  width  /.^  =  5.1  nni. 

tions  in  zero  field  become  smaller,  as  expected  by 
the  decreasing  gap  energy  of  the  (Zn,Mn)Se  bar¬ 
rier.  A  strong  splitting  between  the  <r  and  <t* 
component  is  observable  for  the  barrier  hh  states. 
The  splitting  is  about  75  meV  in  Fig.  2a  for  a 
sample  with  =  0.28  in  the  barrier  up  to  about 
130  meV  in  Fig.  2c  for  a  =  0.12  at  7.5  T.  This 
decrea.se  of  the  Zeeman  splitting  with  increasing 
manganese  concentration  is  due  to  the  increasing 
spin-glass  behavkr  ^  at  2  K,  which  reduces  the 
amount  of  manganese  ions  which  effectively  take 
part  in  the  exchange  interaction  process.  A  simi¬ 
lar  but  weaker  shift  is  observable  for  the  well 
excitons.  For  the  sample  with  A|^„  =  0.12,  the 
lower  energy  (r*  branch  of  the  hh  barrier  cxciton 
intersects  the  cr*  well  cxciton  state.  This  interest¬ 
ing  behaviour  is  not  known  for  CdTe/(Cd,Mn)Te 
quantum  well  structures  and  is  caused  by  the 
band  gap  dependence  of  (Zn,Mn)Se.  By  two  steps 


the  heterostructures  change  from  a  type  I  with 
ZnSe  as  the  well  into  a  type  1  line-up  with 
(Zn,Mn)Se  as  the  well  for  high  magnetic  fields;  It 
is  known  from  the  offset  determination  published 
recently  [9],  the  luminescence  and  reflection  mea¬ 
surements  with  the  observation  of  the  expected 
plateau  for  a  type  I  -*  type  II  transition  and  espe¬ 
cially  the  crossing  of  the  o  and  it"  component 
(see  section  4)  that  at  first  the  barrier  hh  valence 
band  edge  crosses  the  well  exciton  state,  yielding 
indirect  excitons  with  the  hole  in  the  cladding 
layer  and  the  electron  in  the  former  well.  For 
higher  field  strengths,  the  conduction  band  edge 
also  intersects  the  ZnSe  electron  state.  Using  the 
known  exchange  integrals  for  the  conduction  band 
N„a  =  0.26  eV  and  for  the  valence  band  = 
-  1.31  [12]  of  (Zn.MnlSe.  it  is  possible  to  calcu¬ 
late  the  shift  of  the  valence  and  conduction  band 
states  separately,  which  gives  a  correspondence 
with  all  these  experimental  observations,  using 
the  zero  field  determined  band  offset. 


3.  Structures  with  semimagnetic  quantum  wells 

For  comparison.  (Zn.Cd.Mn)Se/ZnSe  quan¬ 
tum  well  structures  with  nonmagnetic  ZnSe  barri¬ 
ers.  but  semimagnetic  quantum  wells,  were  inves¬ 
tigated.  The  Mn  concentration  of  =  0.085 
and  Cd  concentration  of  A(  j  =  0.25  lead  to  a 
resulting  band  gap  smaller  than  the  ZnSe  gap 
energy.  Such  semimagnetic  quantum  wells  enable 
larger  Zeeman  splittings  of  the  quantum  well 
excitons  in  an  external  magnetic  field,  compared 
to  nonmagnetic  quantum  wells  with  semimagnetic 
barriers.  In  Fig.  3  the  Zeeman  splitting  is  shown 
for  .samples  with  the  same  well  composition  but 
various  well  widths.  The  different  well  widths 
lead  to  different  confinement  effects,  as  can  be 
seen  in  Fig.  3  for  zero  field.  Contrary  to  ZnSe/ 
(Zn,Mn)Se,  we  found  for  the  smallest  (Zn.Cd. 
Mn)Se  well  (Fig.  3a)  a  somewhat  smaller  Zeeman 
splitting  compared  to  the  wider  wells  (Figs.  3b 
and  3c).  The  increasing  confinement  effect  leads 
to  an  increasing  penetration  of  the  exciton  wave- 
function  into  the  ZnSe  barrier,  which  now  re¬ 
duces  the  part  of  the  wavefunction  which  really 
interacts  with  the  Mn  3d  states.  Another  differ- 
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Fig.  3.  Magnetic  field  dependence  of  the  heavy  hole  exciton 
energies  for  (Zn.Cd,Mn)Se/ZnSe  MOW  structures  with  the 
same  well  composition  =  0.085,  j  =  0.25.  5  wells),  but 

various  well  widths:  (a)  -  4.5  nm.  (b)  S  nm,  (c)  1 1  nm; 

barrier  widths  =  22  nm. 


cnce  to  ZnSe/(Zn.Mn)Se  MOWs  is  that  the  typi¬ 
cal  asymmetric  splitting  of  the  well  states  now 
shows  a  stronger  shift  of  the  branch.  The 
rca.son  for  this  distinction  is  that  the  variation  of 
the  barrier  height  is  caused  in  these  samples  by 
the  splitting  of  the  well  bottom. 

The  most  surprising  result,  however,  was  the 
observed  strongly  reduced  energy  transfer  from 
the  band  exciton  states  to  the  internal  manganese 
transitions  which  yield  a  strongly  suppressed  ‘'T, 
manganese  luminescence  at  about  2.1  eV 
compared  to  bulk  semiconductors.  Whereas  in 
bulk  (Zn,Cd,Mn)Se  or  (Zn,Mn)Se  a  most  effi¬ 
cient  energy  transfer  from  the  exciton  and  band 
states  to  the  Mn  3d  internal  transitions  occurs  [5], 
in  our  semimagnetic  quantum  wells  only  a  hardly 
detectable  manganese  luminescence  was  found. 
With  increasing  magnetic  field  the  energy  trans¬ 
fer  is  further  suppressed,  leading  to  a  nearly 
vanishing  Mn  3d  luminescence.  The  reason  for 
this  unexpected  result  is  not  clear  at  the  moment, 
because  the  energy  transfer  process  from  the 
band  states  to  the  internal  manganese  d-states  in 
(n,Mn)VI  semiconductors  is  still  an  open  ques¬ 
tion,  in  spite  of  discussions  for  decades.  Never¬ 
theless,  it  should  be  connected  with  the  increas¬ 
ing  oscillator  strength  of  the  Is  exciton  state  in 
quantum  wells  and  further  increasing  oscillator 


strength  with  increasing  magnetic  field,  e.g.  due 
to  the  increasing  barrier  height  for  the  a*  com¬ 
ponent.  In  any  case  these  experimental  results 
make  the  (Zn,Cd,Mn)Se  quaternary  semiconduc¬ 
tor  an  interesting  material  for  magnetically  tune¬ 
able  quantum  well  lasers  in  the  blue-green  spec¬ 
tral  region. 


4.  Magneto-optical  anisotropy 

In  Fig.  4  the  Zeeman  splitting  of  a  ZnSe/ 
(Zn,Mn)Se  MOW  structure  is  shown  for  the  mag¬ 
netic  field  directions  parallel  B  ||  z  and  perpen¬ 
dicular  B±z  to  the  growth  axis  of  the  sample. 
Although  not  all  allowed  and  observable  transi¬ 
tions  for  B II  z  and  for  B  ±  z  could  be  clearly 
resolved  in  this  sample  by  reflection  spectroscopy, 
a  magneto-optical  anisotropy  is  found  for  both 
the  well  and  the  barrier  states.  As  can  be  seen, 
strongly  different  splitting  patterns  are  obtained 
for  both  field  directions.  For  the  barrier  (Fig.  4a), 


B(T)  — ^ 

Fig.  4.  Exciton  energies  as  a  function  of  the  magnetic  field 

Bllz  (•. - )  and  B  ±  z  (o. - )  for  the  barrier  (a)  and 

wells  (b)  of  a  ZnSe/(Zn.Mn)Se  MOW  structure.  /.,  =  4.55nm. 
/.h  =  75nm.  Xm„  =  0.I8.  10  wells;  experimental  points  from 
reflection  measurements;  curves  are  calculated  (see  text). 
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the  experimental  peak  energies  with  B\\z  are 
shifted  to  lower  energies  compared  to  B  ±z.  A 
similar  behaviour  was  already  reported  for 
CdTe/(Cd,Mn)Te  quantum  well  structures  [13- 
16],  The  lattice-misfit  induced  biaxial  strain  was 
shown  to  be  the  essential  source  of  the  magneto¬ 
optical  anisotropy,  leading  to  a  strong  mixing  of 
the  heavy  and  light  hole  states  for  the  field  per¬ 
pendicular  to  the  growth  axis.  This  could  be  cal¬ 
culated  in  the  framework  of  a  multi-band  enve¬ 
lope-function  approximation,  already  successfully 
used  for  CdTe/(Cd,Mn)Te  [17].  The  calculated 
curves  in  Fig.  4a  give  good  agreement  with  the 
experimental  points,  using  only  one  scaling  factor 
for  the  effective  manganese  concentra¬ 
tion.  The  reduction  of  the  real  Mn  concentration 
is  caused  by  an  antiferromagnetic  coupling  of 
part  of  the  Mn  ions  in  the  spin-glass  phase.  For 
the  well  states  (Fig.  4b)  no  further  fitting  parame¬ 
ter  is  available.  The  calculations  yield  the  right 
anisotropic  behaviour  for  the  well  states  and  the 
right  shift  of  the  lower  lying  a*  and  correspond¬ 
ing  a  levels,  but  the  shift  of  the  higher  lying  o-' 
and  <r  levels  is  too  small.  The  shift  of  the  higher 
lying  levels  was  found  to  be  enhanced  due  to  an 
enhanced  paramagnetic  behaviour  of  the  Mn  ions 
near  the  interface  (decreasing  antiferromagnetic 
coupling  at  the  interface),  which  is  the  main 
region  of  interaction  especially  for  the  stronger 
localized  well  exciton  lines. 

For  the  well  it  is  found  that  the  a~  compo¬ 
nent  is  shifted  to  higher  energies  than  the  corre¬ 
sponding  a  component  for  Biz,  which  is  just 
the  opposite  direction  as  found  for  the  barrier. 
For  the  energetically  lowest  a*  branch,  which 
should  normally  lie  above  the  lowest  a  branch  in 
the  whole  field  range,  an  intersection  of  the  a 
branch  is  observable.  This  unusual  behaviour  is 
caused  by  the  crossing  of  the  (Zn,Mn)Se  hh  state 
with  the  hh  state  of  ZnSe  in  this  sample  leading 
to  a  type  I  -»  type  II  transition,  as  proved  by  our 
calculations.  Due  to  the  saturation  of  the  s,p-d 
exchange  interaction  effect,  the  discussed  second 
step  (section  2)  to  a  (Zn,Mn)Se  well  is  not  observ¬ 
able  in  this  sample  with  18%  Mn. 

It  should  be  mentioned  that  sometimes  for 
CdTe/(Cd,Mn)Te  such  anisotropic  behaviour  for 
the  quantum  wells  in  semimagnetic  structures 


Fig.  5.  Exciton  luminescence  of  (Zn.Cd.MnISe/ZnSe  MOW 
structures  ( =  O.flS.S.  .Vcj  =  (I.2.S.  5  wells)  in  dependence 

on  the  magnetic  field  direction  B  ||  z  (•. - )  and  B  ±  z 

(O. - ).  (a)  1„  =  4.5  nm.  (b)  8  nm.  (c)  II  nm:  barrier 

Wfidths  Lf,  =  22  nm. 


was  tentatively  ascribed  to  a  spin-pinning  effect 
caused  by  the  quasi-two-dimcnsional  character  of 
the  well  excitons  [18].  The  good  agreement  be¬ 
tween  theory  and  experiment,  however,  gives 
strong  evidence  of  our  explanation. 

In  Fig.  5  the  luminescence  of  (Zn,Cd.Mn)Se/ 
ZnSe  quantum  wells  with  different  well  widths  is 
shown  also  for  the  two  field  directions  parallel 
and  perpendicular  to  the  sample  axis.  In  these 
structures  the  ZnSe  barriers  are  practically  un¬ 
strained;  nevertheless  the  anisotropy  for  the  well 
luminescence  is  observable.  Now  a  pattern  simi¬ 
lar  to  that  known  for  the  CdTe/(Cd,Mn)Te  het¬ 
erostructures,  with  all  branches  for  B  ||  z  below 
the  corresponding  of  B  ±  z[16],  was  found,  caused 
by  the  compressive  strain  in  the  wells. 


5.  Conclusions 

The  ZnSe/(Zn.Mn)Se  quantum  well  struc¬ 
tures  show  interesting  new  properties  connected 
with  the  unique  band  gap  dependence  of 
(Zn,Mn)Se.  Adjusting  the  right  manganese  con¬ 
centration,  type  conversions  as  type  I  -*  type  II  or 
type  I  ->  type  II  -♦  type  I  are  easily  observable  in 
an  external  magnetic  field. 

(Zn,Cd,Mn)Se/ZnSe  is  shown  to  be  a  suitable 
material  for  magnetic  tuneable  quantum  well 
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lasers  in  the  blue-green  spectral  range,  due  to  a 
high  quantum  efficiency  but  a  strong  suppressed 
internal  manganese  luminescence. 

It  has  been  found  that  the  magneto-optical 
anisotropy  which  is  always  present  in  the 
(ll,Mn)Vl  nanostructures  is  due  to  the  strong 
mixing  of  the  hh  and  Ih  states  for  a  magnetic  field 
perpendicular  to  the  sample  axis. 
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Abstract 

Indium  donor  doping  of  piezoelectric  (21I)B  CdTc/Cd,  ,Zn,Te  multiple  quunlum  wells  by  molecular  beam 
epitaxy  has  been  achieved.  The  effect  of  uniform  doping  of  the  Cd,  .,Zn,Te  barriers  or  delta-doping  of  the  CdTc 
wells  on  the  strain-induced  piezoelectric  fields  in  the  wells  was  studied  using  low  lemptcrature  luminescence 
spectroscopy.  Doping  in  the  barriers  produces  an  electron-gas  in  the  well  which  partially  screens  the  piezoelectric 
field.  Screening  is  also  observed  for  structures  delta-doped  in  the  CdTc  well,  provided  the  indium  plane  is  located  so 
that  the  piezoelectric  field  separates  the  electrons  from  the  donor  cores. 


1.  Introduction 

Epitaxial  growth  of  compound  semiconductors 
on  polar  orientations  like  (111)  and  (211)  can 
yield  remarkable  new  electronic  and  optical  prop¬ 
erties  due  to  the  strain-induced  piezoelectric 
fields  [1],  In  CdTe/CdZnTe  heterostructures  co¬ 
herently  grown  along  (111)  by  molecular  beam 
epitaxy  (MBE),  the  strains  resulting  from  lattice 
mismatch  induce  very  large  piezoelectric  fields, 
which  profoundly  modify  the  electronic  band 
structure  [2].  However,  while  high  quality  growth 
on  (111)  is  difficult  to  achieve,  excellent  results 
have  been  reported  for  MBE  growth  of  II-VI 
materials  on  the  (21I)B  face  [.^).  The  major  ad- 
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vantage  of  the  (211)  over  the  (111)  orientation  is 
that  twin  defects  do  not  form  on  the  (211)  orien¬ 
tation.  because  the  symmetry  is  broken:  the  (21 1) 
.surface  can  be  viewed  as  a  (111)  surface  misori- 
ented  19'’47’  toward  ((M)!).  Thus,  we  have  found 
that  by  growing  CdTc/CdZnTe  heterostructures 
on  (21 1).  one  can  study  piezoelectric  effects  while 
retaining  the  high  structural  and  optical  quality 
usually  associated  only  with  the  (1(H))  orientation. 

Controlled  doping  of  such  piezoelectric  struc¬ 
tures  is  of  particular  interest  because  one  can 
•Study  effects  of  free  carriers  on  the  built-in  elec¬ 
tric  fields  which  may  provide  new  possibilities  for 
electro-optic  modulation  [4].  The  following  exper¬ 
iments  will  be  presented  in  this  paper;  (i)  indium 
doping  of  (211)B  CdTe  epilayers,  (ii)  uniform 
doping  of  the  Cd,  ,Zn,Te  barriers  and  (iii) 
delta-doping  of  the  CdTe  wells  of  CdTc/ 
Cd,  ^,Zn,Te  (x  <  l()9f)  quantum  wells  (OWs).  In 
the  last  two  experiments,  the  screening  of  the 
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Strain-induced  piezoelectric  field  by  the  electron- 
gas  has  been  demonstrated. 

2.  Indium  doping  of  (211)  oriented  CdTe  layers 

Up  till  now,  studies  of  n-type  doping  of  CdTe 
by  MBE  have  mainly  been  done  on  the  (001) 
surface.  It  is  wiell-established  that  for  this  orienta¬ 
tion  essentially  100%  activation  is  obtained  in  the 
1()''’-10"*  cm  ’  range,  at  growth  temperatures  of 
2(K)-24()°C,  using  photoassistance  [5]  or  provided 
a  cadmium  overpressure  is  maintained  during 
growth  [6,7].  In  the  present  work,  the  (211) 
CdTe: In  layers  were  grown  by  MBE  on  (2I1)B 
CdZnTe  (4%  Zn)  substrates.  The  growth  is  done 
at  240°C,  using  only  CdTe  and  In  cells,  that  is 
without  excess  Cd,  contrarily  to  the  case  of  (001 ) 
CdTe  layers  [7]. 

As  compared  to  CdTe  epilayers  grown  on  tilted 
(111)  substrates  [8],  transmission  electron  mi¬ 
croscopy  (TEM)  at  200  and  400  keV  shows  that  a 
2  /xm  thick  (211)  CdTe  layer  presents  much  bet¬ 
ter  crystalline  quality;  in  particular,  the  disloca¬ 
tion  density  of  the  (211)  layer  is  much  lower, 
probably  because  the  high  density  of  steps  on  the 
(211)  surface  inhibits  the  propagation  of  the  dis¬ 
locations  into  the  epilayer  [9], 

The  indium  content  ( A'in)  and  the  carrier  con¬ 
centrations  ( n  =  iV[j  -  )  of  the  doped  layers 

were  obtained  from  secondary  ion  mass  spec¬ 
troscopy  (SIMS),  calibrated  with  an  indium  im¬ 
planted  layer,  and  from  room  temperature  capac¬ 
itance-voltage  measurements,  respectively.  Com¬ 
parison  between  results  of  these  two  techniques 
indicates  that,  for  doping  levels  in  the  3  X  l()''-7 
X  10'^  cm  ’  range,  we  obtain  n  =  within  the 
total  measurement  precision  of  about  20%,  i.e., 
an  electrical  activation  efficiency  close  to  I. 
Transport  properties  of  the  doped  layers  were 
deduced  from  temperature  dependent  Hall-effect 
measurements.  For  a  sample  In-doped  at  «  =  3  X 
10'’  cm  ’  (which  is  the  lowest  doping  level  that 
can  be  achieved  rcproducibly  because  the  mini¬ 
mum  background  acceptor  concentration  is  /V^  = 
lO”  cm  '),  the  mobility  attains  a  maximum  value 
of  73(X)  em’/V  •  s  at  40  K.  This  is  amongst  the 
highest  reported  values  for  doped,  and  even  for 
undoped  [10]  MBE  grown  ((X)l)  CdTe. 


The  photoluminescence  (PL)  .spectra  of  the 
In-doped  (211)  CdTe  layers  are  very  similar  to 
spectra  obtained  for  In-doped  ((Mil)  CdTe  sam¬ 
ples  having  the  same  doping  level  [7].  Up  to 
n  =  7xl0'’  cm  ’  doping  level,  there  is  no  or 
very  little  trace  of  the  deep-centre  emission  at 
=  1.45  eV  which  is  generally  attributed  to  com¬ 
pensation  effects  [11]. 

The  growth  conditions  defined  by  doping 
(211)B  CdTe  have  been  used  for  the  growth  of 
“modulation-doped"  Cd,  ,Zn,Te/CdTe  QWs. 
An  additional  ZnTe  cell  is  u.sed  to  obtain  the  Zn 
alloy  composition.  In  these  structures,  indium 
doping  is  used  to  produce  an  electron-gas  in  the 
CdTe  wells;  thus  a  screening  of  the  strain-in¬ 
duced  piezoelectric  field  can  be  expected,  as  now 
described. 

3.  Uniform  doping  of  the  barriers  in  Cd,_,Zn^ 
Te/CdTe  (x=  8%)  quantum  wells 

Two  structures  were  grown  on  2  /am  thick, 
strain-relaxed  Cd|,y;Zn|,„xTe  buffer  layers,  on 
(211)B  Cd|,yf,Zn|,|„Te  substrates.  Each  structure 
consists  of  five  CdTe  wells  (1.....5)  with  thick¬ 
nesses  20,  40.  80,  120  and  240  A  respectively, 
separated  by  15(K)  A  thick  CdZnTe  barriers  hav¬ 
ing  the  same  composition  as  the  buffer  layer.  As 
no  RHEED  (reflection  high  energy  electron 
diffraction)  o.scillations  arc  observed  on  (211)  sur¬ 
faces.  the  quantum  well  thicknesses  were  de¬ 
duced  from  the  CdTe  growth  rate  (1.5  A/s), 
calibrated  from  TEM  micrographs  of  CdTe  layers 
grown  previously. 

The  energy  of  the  luminescence  peaks  of  the 
five  wells  arc  plotted  as  a  function  of  the  width 
in  Fig.  1.  The  sample  labelled  ZD  116  is 
undoped  (curve  a),  while  sample  ZD  114  is  uni¬ 
formly  doped  in  the  barriers  (“modulation  dop¬ 
ing")  with  6  X  10"’  In  cm  ’  (curve  b),  except  in 
50  A  spacer  layers  at  each  side  of  the  CdTe  wells 
to  avoid  diffusion  of  the  indium  into  the  CdTe 
wells. 

The  0.46%  mismatch  between  the  lattice  pa¬ 
rameters  of  CdTe  and  the  Cd|m,Zn„nsTe  buffer 
induces  very  high  strain  in  the  CdTe  layers,  which 
produces  a  piezoelectric  potential  gradient  across 
each  well  (diagram  at  top  right  in  Fig.  1).  The 
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Fig.  1.  Energy  of  the  luminescence  peak  as  a  function  of  the 
quantum  well-width  ;  (a)  undoped  (21 1  IB  OWs;  (b)  doped 
(211)  OWs  with  uniformly  indium  doped  barriers  (ri  =  6x  lo"' 
cm  ');  (c)  calculated  exciton  energies  for  undoped  ((HID 
OWs. 


electron-hole  recombination  luminescence  peaks 
of  the  (211)  QWs  are  then  displaced  to  low  en¬ 
ergy  (Figs,  la  and  lb)  with  respect  to  recombina¬ 
tion  energies  for  equivalent  (001)  QWs  (Fig.  Ic). 
that  is  non-piezoelectric  QWs)  [12].  In  the  limit  of 
large  well  width  the  piezoelectric  red-shift  is 
approximately  the  potential  change  across  the 
well  width,  that  is  F  x  where  F  is  the  piezo¬ 
electric  field  [2].  For  the  undoped  (211)  QWs 
(curve  a),  the  peaks  lie  on  a  straight  line  from 
which  we  determine  F  =  4.7  X  (O'*  V  cm  Such 
a  field  completely  separates  the  electron  and  the 
hole  in  the  thickest  well  5.  completely  quenching 
its  luminescence  [0]. 

In  the  modulation-doped  (211)  structure  (Fig. 
lb),  for  the  thicker  wells  (3,  4  and  fi)  the  lumines¬ 
cence  peaks  are  shifted  towards  the  theoretically 
calculated  exciton  energies  for  an  equivalent  ((M)|) 
structure  (Fig.  Ic).  luminescence  peak  being 
readily  detectable  now.  For  the  narrowest  wells  I 
and  2,  any  effect  is  of  the  order  of  the  uncertainty 
in  the  structure  parameters.  For  the  broadest 
well  5,  we  deduce  that  the  actual  average  field  in 
the  modulation-doped  well  is  F  =  2  x  1(1^  V 
cm  thus  compared  to  an  undoped  (211)  QW,  a 
screening  factor  of  *  (yOVr  has  been  obtained  for 
this  well.  Such  a  reduction  of  the  piezoelectric 
field  separating  electrons  and  holes  explains  why 


the  luminescence  is  now  readily  visible  even  for 
well  5  [9]. 


4.  Delta  doping  of  the  wells  in  Cd,_^Zn/re/ 
CdTe  ( Jf  =  6%)  quantum  wells 

Another  way  to  screen  the  strain-induced 
piezoelectric  field  can  be  the  introduction  of  an 
electron-gas  by  doping  right  inside  the  wells.  This 
is  made  possible  using  the  delta-doping  technique 
[7].  The  piezoelectric  field  can  ionize  the  donors 
in  the  well,  producing  an  electron-gas  which  in 
turn  screens  the  piezoelectric  field.  As  seen  in 
the  conduction  band  diagram  b  in  Fig.  3,  this 
unique  situation  occurs  when  the  indium  plane  is 
placed  at  the  high  potential  side  of  the  CdTe 
well.  On  the  other  hand,  if  the  indium  plane  is 
located  at  the  low  potential  side  (diagram  a  in 
Fig.  3)  the  donor  impurities  stay  neutral  and  no 
screening  occurs. 

We  have  made  a  comparative  study  of  two 
delta-doped  (211)  CdTe/Cd„,,,Zn„,„,Te  QW 
structures.  An  indium  plane  (2  x  10"  In  cm  ’)  is 
placed  at  3  monolayers  (=  10  A)  from  the  bar¬ 
rier/well  interface,  either  at  the  substrate  side 
(ZD  147)  or  at  the  surface  side  (ZD  146).  The 
barriers  are  undoped.  The  structures  are  grown 
on  2  p.m  thick,  strain-relaxed  Cd|,,,4Zn||||„Te 
buffer  layers,  on  (21I)B  Cdi.yi.ZnumTe  sub¬ 
strates.  Fach  structure  consists  again  of  five  QWs 

(I . -‘'I/Fhc  thicknesses  arc  28.  56.  112.  168 

and  329  A,  respectively  (with  the  28  A  well  near¬ 
est  the  surface),  separated  by  750  A  thick  CdZnTe 
barriers  having  the  same  compiisition  as  the  buffer 
layer;  thus  only  the  wells  are  stressed. 

We  used  SIMS  profiling  of  the  In.  with  profil¬ 
ing  of  the  Zn  atoms  of  the  barriers  as  a  reference, 
to  check  the  position  of  the  In  in  the  CdTe  wells, 
see  Fig.  2.  Since  the  depth  resolution  of  this 
technique  (  =  50  A)  [7]  is  comparable  to  the  widths 
of  the  narrowest  wells,  the  off-centre  position  of 
the  In  plane  can  be  detected  for  wells  4  and  5 
only  (Z-^  =  168  and  329  A).  An  apparent  broad¬ 
ening  of  the  profiles  is  observed  as  we  pass  from 
the  upper  well  1  to  the  deepest  well  5,  represent¬ 
ing  the  well-known  decrease  of  the  SIMS  resolu¬ 
tion  in  deep  profiling.  However,  it  can  be  seen 
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Fig.  2.  SIMS  (Xe:  l.A  keV)  profiles  for  Zn  and  In  in  two 
t211)B  structures,  each  consisting  of  five  OWs.  An  indium 
plane  is  introduced  at  2  monolayers  (  =  10  A)  from  each 
barrier  (a)  on  the  substrate  side  or  (b)  on  the  surface  side  of 
the  OWs. 


that  the  indium  dopant  plane  is  indeed  localized 
at  the  substrate  side  of  the  wells  for  sample  ZD 
147  (curve  a)  and  at  the  surface  side  for  sample 
ZD  146  (curve  b). 


Fig.  2.  2  K  photoluminescence  spectra  for  two  C'dTe/('d„,,4 
Zn||i„,Te  structures  grown  at  24II°C'  on  2  gim  thick  relaxed 
C'dipuZniii^Te  buffer  layers  (on  (2II)B  (■d|,.^Zn|||„Te  sub¬ 
strates).  F.ach  structure  consists  of  five  CdTe  wells  (1 . 5. 

with  thicknesses  28.  5h.  112.  168  and  229  A  respectively), 
separated  by  7.50  A  thick  f'dZnTc  barriers.  The  OWs  have  an 
indium  plane  liKated  al  2  monolayers  (  =  It)  A)  from  e:ich 
barrier,  (a)  on  the  substrate  side  or  (b)  on  the  surface  side. 
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Fig.  4.  Energy  of  the  luminescence  peaks  of  Fig.  2  as  a 
function  of  the  well-width  The  OWs  have  an  indium 
plane  located  al  2  monolayers  (  =  It)  A)  from  each  barrier,  (a) 
on  the  substrate  side  or  (b)  on  the  surface  side.  The  lines  have 
been  drawn  to  estimate  the  effective  electric  field  value  F  in 
the  wells. 

Fig.  3  shows  2  K  PL  spectra  for  these  two 
structures.  As  compared  to  sample  ZD  147  (spec¬ 
trum  a),  a  shift  of  the  luminescence  peaks  toward 
higher  energy  is  ob.served  for  wells  2.  3.  4  and  5  of 
sample  ZD  146  (spectrum  b).  For  the  narrowest 
wells  1.  since  the  In  planes  are  located  almost  at 
the  centre  of  the  wells,  there  is  no  marked  differ¬ 
ence  in  the  luminescence  peak  positions. 

As  in  the  preceding  section,  the  screening  phe¬ 
nomenon  can  be  analysed  using  plots  of  the  lumi¬ 
nescence  peak  position  as  a  function  of  the  CdTe 
well  width  L^.  This  is  shown  in  Fig.  4.  From  the 
slope  of  the  luminescence  peak  positions  for  wells 
1  to  4  of  sample  ZD  147  (curve  a),  we  deduce  a 
piezoelectric  field  F  =  3.4  X  10^  V  cm^  ’.  In  fact, 
if  wc  take  into  account  the  difference  in  the  Zn 
composition  of  the  barriers  (.v  =  69r  here  instead 
of  8%  for  the  undoped  (211)  QWs  ZD  114  of 
section  3),  this  electric  field  value  corresponds 
approximately  to  the  value  determined  for  the 
undoped  (211)B  QWs  (Fig.  1).  This  shows  that, 
when  the  indium  plane  is  localized  on  the  sub¬ 
strate  .side  of  the  wells  (sec  the  conduction  band 
diagram  a  in  Fig.  3),  there  is  no  spatial  separation 
of  the  electrons  and  the  fixed  donor  cores  (ln<  j); 
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the  absence  of  change  in  the  strain-induced 
piezoelectric  field  of  this  doped  (21 1)  structure 
indicates  that  in  such  a  configuration,  tl.e  donor 
impurities  stays  neutral. 

The  same  treatment  applied  to  structure  ZD 
146  (Fig.  4,  curve  b)  yields  F  =  1.4  X  10^  V  cm“  ‘ 
as  an  average  effective  field  in  the  wells  of  this 
structure.  Thus,  as  compared  to  an  undoped  (211) 
structure,  a  screening  of  the  piezoelectric  field  is 
observed;  the  screening  factor  ( =  60'T)  is  quite 
comparable  to  that  observed  in  the  broader  (211) 
wells  with  doped  barriers  (ZD  1 14  in  section  .4).  It 
can  be  interpreted  as  a  migration  of  the  electrons 
toward  the  low  potential  side  of  the  well,  with  the 
ionized  donors  Inj^-j  remaining  fixed  at  the  other 
side  (see  the  conduction  band  diagram  b  in  Fig. 
.4).  This  configuration  of  the  charges  induces  a 
supplementary  electric  field  which  partially  com¬ 
pensates  the  original  strain-induced  piezoelectric 
field. 

Since,  in  the  latter  sample  (conduction  band 
diagram  b  in  Fig.  .4).  the  In  plane  is  located  in  the 
surface  side  of  the  well,  our  results  are  coherently 
explained  assuming  that  the  strain-induced  piezo¬ 
electric  field  is  directed  from  the  substrate  to¬ 
ward  the  surface  of  the  structure.  More  generally 
our  experiment  can  be  used  as  a  method  to 
determine  the  direction  of  the  strain-induced 
piezoelectric  field  in  (211)  and  (111)  semiconduc¬ 
tors.  In  particular,  the  result  obtained  here  con¬ 
firms  that  in  this  11-VI  material  the  piezoelectric 
strain-coupling  coefficient  has  opposite  sign  to 
that  observed  in  GaAs/GalnAs. 


5.  Conclusion 

Modulation  doping  of  CdTe/Cd,  ,Zn,Te  (.v 
=  6-8^/.)  OWs  on  (211)B  Cd„,«,Zn,„„Tc  sub¬ 
strates  has  been  achieved.  Electronic  screening  >n 
the  modulation-doped  QWs  is  detected  as  a  re¬ 
duction  of  the  piezoelectric-induced  shift  of  the 
luminescence  peaks.  Strong  screening  of  the  in¬ 
ternal  piezoelectric  field  has  been  demonstrated 
for  OWs  with  uniformly  doped  barriers.  Delta¬ 
doping  of  the  wells  of  the  OWs  induces  a  screen¬ 
ing  of  the  piezoelectric  field  only  when  this  field 
separates  totally  the  electrons  from  the  donor 
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cores,  that  is  when  the  indium  plane  is  located  in 
the  high  potential  side  of  the  wells  (the  surface 
side  for  growth  on  (211)B).  When  the  indium 
plane  is  placed  at  the  substrate  side,  the  donors 
stay  neutral  and  no  screening  is  observed. 
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Abstract 

X-ray  diffractometry.  Raman  backscattcring  and  photolumincsccncc  were  applied  lo  characterize  ZnS,Se|  ,/ 
ZnSe  superlattices,  grown  on  GaAsIKMI)  by  metalorganic  vapour  phase  epitaxy  (MOVPE).  As  sulphur  precursor 
materials  dicthylsulphide  (DES)  and  H,S  were  compared.  Furthermore,  we  investigated  the  influence  of  different 
kind  of  buffer  layers,  the  effect  of  increasing  the  number  of  periods  and  the  consequences  of  stabilization  during 
growth  interruptions.  Superlatticcs  with  a  high  crystal  quality  and  very  regular  periodicity  were  obtained  for 
120-period  structures,  grown  with  DES  as  precursor,  without  intentional  buffer  layer.  They  show  very  narrow  folded 
acoustical  phonons  in  the  Raman  spectrum  and  their  X-ray  diffraction  pattern  contains  not  only  sharp  satellite 
peaks,  whose  fine  structure  reveals  monolayer  fluctuations,  but  al.so  fringes  which  are  due  to  interference  from  the 
entire  stack. 


1.  Introduction 

The  main  motivation  for  ZnSe  and  ZnS.Se,  , 
epitaxial  layers  is  their  potential  application  in 
optoelectronic  devices  such  as  light  emitting 
diodes  (LEDs)  and  la.scr  diodes  in  the  blue  to 
ultraviolet,  since  through  the  sulphur  content 
their  bandgap  can  be  tuned  in  this  range.  Fur¬ 
thermore,  for  low  S  contents  they  are  nearly 
lattice  matched  to  GaAs.  Besides  ZnSjSe,  epi¬ 
taxial  heterostructures,  also  ZnS.Se, _,/ZnSc 
superlattices  at",  essential,  especially  for  laser  ap¬ 
plications,  due  to  their  versatile  tunability  of  the 
effective  energy  gap  and  because  their  carrier 
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confinement  should  reduce  the  threshold  current. 
Recently,  the  development  of  pulsed  room-tem¬ 
perature  Cd-based  quantum  well  lasers  by  molec¬ 
ular  beam  epitaxy  (MBE)  in  the  blue-green  spec¬ 
tral  region  has  been  reported  [1],  As  an  alterna¬ 
tive  to  MBE.  also  MOVPE  is  applied  for  the 
epitaxial  growth  of  ZnSe/ ZnS ,  Se ,  ,  superlat¬ 
tice  structures.  The  optimization  of  these  struc¬ 
tures  requires  the  exact  knowledge  of  the  crys¬ 
talline  quality,  layer  thicknesses,  composition,  in¬ 
terface  sharpness  and  strain  profile. 

In  this  work  we  discuss  the  application  of 
optical  spectroscopy  and  X-ray  diffractometry  for 
the  analysis  of  these  properties.  As  optical  spec¬ 
troscopy  methods  we  applied  Raman  spec¬ 
troscopy  and  photoluminescence.  In  Raman  spec¬ 
troscopy  we  used  the  inelastic  light  scattering  by 
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optical  as  well  as  acoustical  phonons  for  the 
evaluation  of  the  sulphur  content,  the  lattice 
quality  and  the  periodicity.  Photoluminescencc 
allows  the  determination  of  electronic  energy  lev¬ 
els  in  the  superlattices.  In  X-ray  diffra''*ion  the 
zero-order  diffraction  peak  of  the  superlatticc 
and  its  satellites  reflect  the  structural  quality,  the 
average  strain  and  the  periodicity. 


2.  Experimental  procedure 

2. 1.  Sample  growth 

The  ZnSjSe,  _,/ZnSe  strained-layer  superlat¬ 
tice  structures  were  grown  on  2°  misoriented  ( 100) 
GaAs  substrates  by  atmospheric-pressure  MOV- 
PE  at  480°C,  using  DEZn,  DESe,  and  H,S  or 
DES  as  precursors.  Further  details  are  given  in 
ref.  [2],  Throughout  this  paper,  the  thicknesses  of 
the  ZnSe  and  ZnS^Se,.,  layers  are  designated 

and  (L.  respectively.  The  periodicity  d  =  dy  + 

was  between  10  and  20  nm  with  up  to  120 
periods,  while  the  nominal  sulphur  content  .v  was 
varied  between  0.10  and  0.15.  In  order  to  improve 
the  layer  quality  by  surface  migration  of  the  reac¬ 
tants.  an  interruption  time  between  the  growth 
of  the  constituent  layers  was  introduced,  which 
was  varied  up  to  20  s.  For  some  samples  we 
stabilized  the  freshly  grown  ZnS,Se|_,  layers  by 
sulphur  and  selenium  precursor  flow  during  these 
growth  interruptions. 

2.2.  Anaty.d.s 

The  X-ray  studies  were  carried  out  with  a 
homemade  double-crystal  system  with  Si((K)4)  first 
crystal  and  CuKa,  radiation.  We  used  a  X-ray 
beam  size  of  0.08  x  4  mm’.  All  measurements 
were  performed  in  the  cj-K-)  mode  with  a  step 
width  of  0.(M)r  (.4.6")  in  the  vicinity  of  the  ((K)4) 
GaAs  reflection.  An  aperture  in  front  of  the 
detector  limited  the  acceptance  angle  range  to  1°. 
For  compensation  of  the  substrate  misorienta- 
tion,  the  scattering  vector  was  carefully  aligned  in 
the  plane  of  diffraction.  The  miscut  edge  was 
adjusted  perpendicular  to  the  beam  directions. 
Scans  have  been  recorded  for  two  settings  with 


180°  difference  in  azimuthal  angle  around  <001) 
of  the  substrate  to  determine  the  offeut  angle  and 
to  check  for  the  tilt  of  the  SLs  with  respect  to  the 
substrate.  The  experimental  diffraction  cuacs 
were  finally  analyzed  by  applying  the  dynamical 
theory  of  X-ray  diffraction  [3]  yielding  the  chemi¬ 
cal  composition  as  well  as  the  thickness  of  the 
individual  epilayers  of  the  superlattice. 

Photolumine.scence  measurements  have  been 
performed  m  the  temperature  region  bctwei..:  12 
and  300  K.  using  a  HcCd  laser  with  an  excitation 
wavelength  of  325  nm.  For  this  laser  line  the 
penetration  depth  in  ZnSc  is  about  1 10  nm.  The 
spectra  were  recorded  with  a  Spe;>;  1704 
monochromator  of  1  m  focal  length,  equipped 
with  a  GaAs  photomultiplier.  The  spectral  reso¬ 
lution  is  better  than  0.03  nm. 

The  Raman  scattering  measurements  were 
performed  in  near-backscattering  geometry  with 
an  argon  ion  laser  as  excitation  light  source.  The 
laser  power  was  kept  below  .30  m'A ,  while  the 
focus  diameter  was  about  60  jum.  The  Raman 
spectra  were  obtained  by  using  a  double 
monochromator  (Spex  1403).  In  the  acoustical- 
phonon  region,  spectra  were  recorded  between  5 
and  20  cm " '  at  room  temperature  and  at  80  K, 
using  a  GaAs  photomultiplier  for  detection  and 
the  465.8  and  458  nm  laser  lines  for  excitation. 
Especially  the  latter  line  leads  to  a  resonant 
enhancement  of  the  scattering  efficiency.  Also  at 
3(K)  K,  the  samples  were  held  in  vacuum  in  order 
to  suppress  spurious  low-frequency  Raman  lines 
from  atmospheric  N,  rotational  transitions.  The 
optical-mode  region  between  190  and  .350  cm  ‘ 
was  investigated  ai  80  K  with  the  476.5  nm  laser 
line.  Here  we  used  a  multichannel  detector  sys¬ 
tem  (EG&G  1461).  For  all  measurements  the 
spectral  accuracy  is  +0.1  cm  '  with  an  instru¬ 
mental  spectral  peak  width  of  about  1  cm 


3.  Results  and  discussion 

For  the  optical  region  the  lattice  vibration 
frequencies  of  the  superlattice  and  the  underlying 
substrate  are  between  2(K)  and  .350  cm  '.  Fig.  I 
shows  typical  Raman  spectra  of  120-pcriod 
ZnS„ |Se„g/ZnSe  SLs  grown  with  DES  and  H,S. 
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rij:,  1.  Ramun  spectra  ot  ZnS,,  ,Sc„., ,  ZnSc  supcrlaiticcs. 
ccMisisiinj:  ot  120  periods,  ^irown  with  DKS  and  H  >S.  respec* 
ti\elN.  meastired  at  <S()  K  in  the  optical  phonon  Irequency 
rej:ion, 


respectively  and  otherwise  identical  growth  pa¬ 
rameters.  Fhe  polarization  configuration  in  the 
Raman  experiment  was  KKHdlO.  (101  MOO.  In  this 
eonfiguratit)n  the  deformation-potential  scatter¬ 
ing  from  LO  phonons  is  allowed,  while  the  TO 
phonon  scattering  is  forbidden  [4].  Besides  the 
strong  symmetry-alkiwed  LO  phonon  from  the 
GaAs  substrate  at  206  cm  '  and  the  correspond¬ 
ing  weak  symmetry-forbidden  LO  phonon  at  272 
cm  we  observe  in  the  case  of  the  DHS-grown 
sample  the  LO  phonon  from  the  binary  ZnSe  at 
257.5  cm  '  and  three  vibration  modes  frtmi  the 
ternary  Zn.SSe:  the  Zn  Se  LO.  the  Zn-S  1,0  and 
Zn-Se  TO  vibration  at  2.‘^2.8.  .40S.,4  and  2I0..4 
cm  '.  respectively.  The  oceurrenee  of  two  LO 
peaks  is  typical  for  the  two-mode  behaviour  of 
the  ZnS.Se,  ,  mixed  crystal  ['S].  The  sharpness 
of  the  symmetry-allowed  ZnSe  LO  phomm  peak 
(full  width  at  half  maximum.  LWHM  =  2..S  cm  ') 
and  the  weakness  of  the  symmetry-forbidden 
ZnSe  rO  peak  reveal  the  good  quality  of  the 


layers.  The  broadening  of  the  Zn-Se  and  Zn-S 
LO  vibrational  peaks  of  ZnSjSe,  ,  and  the  in¬ 
creased  rO/LO  ratio  are  inherent  to  the  intrin¬ 
sic  alloy  disorder  in  ternary  layers.  From  the 
frequency  shift  of  the  ZnSe  LO  phonon  (1.0 
cm  '  with  respect  to  bulk  ZnSe)  we  conclude 
that  the  binary  layers  are  biaxially  compressive 
strained,  which  is  consistent  with  pseudomorphic 
growth  on  the  GaAs  substrate,  whose  relative 
lattice  constant  difference  to  ZnSe  is  -0.27'";  [6]. 
For  the  Zn-Se  LO  vibration  of  ZnSSe.  there  is  a 
frequency  shift  due  to  the  incorporated  sulphur 
and  an  additional  shift  due  to  strain,  which,  of 
course,  is  correlated  with  the  sulphur  content.  In 
order  to  separate  these  coupled  effects  quantita¬ 
tively,  we  performed  a  selfcivnsistent  calculation. 
Assuming  pseudomorphic  growth,  we  deduced  a 
sulphur  content  of  !()''<  for  the  ternary  layers. 
For  the  FI,S-grown  sample,  the  Raman  spectrum 
shows  a  broadened,  weak  ternary'  Zn-Se  mode  at 
the  low-frequency  side  of  the  binary  1.0  ZnSe 
phonon  and  an  increase  of  the  TO/ LO  intensity 
ratio  of  the  ternary  peaks.  This  typical  behaviour 
for  H.S-grown  samples  indicates  an  inferior  qual¬ 
ity  with  respect  lo  the  DHS-grown  samples. 

For  the  study  of  the  acoustical  branches,  the 
spectral  region  below  40  cm  '  is  of  interest.  In  a 
superlattice,  the  bulk  Brillouin  zone  is  replaced 
by  a  smaller  one  because  of  the  increased  artifi¬ 
cial  periodicity  along  the  growth  direction  [7].  .As 
a  result,  the  original  acoustical  phonon  branch  is 
folded,  resulting  in  a  series  of  eigenfrequencies  in 
the  low  A-vector  region,  which  are  accessible  to 
light  scattering.  Fig.  2  shows  corresponding  R;i- 
man  spectrti  of  DHS-grown  samples,  taken  for  the 
polariztition  configuration  KMKOIO.  OKOTOO.  Be¬ 
sides  a  strong  background,  due  to  diffuse  re- 
llected  laser  light,  two  peaks  are  observed,  which 
arc  assigned  to  the  first-ttrder  Kmgitudinal  zone- 
folded  doublet  modes.  From  the  observed  lolded- 
LA  frequencies  of  the  lower  curve  we  evaluated 
the  period  thickness  to  9.S  +  0.5  nm.  The  peaks 
are  sharp  with  a  FWHM  below  2  cm  '.  which 
proves  the  well-defined  periodicity,  agreeing  well 
with  the  X-ray  results  which  are  discussed  below. 
For  this  superlattice  the  second-order  peaks  tire 
Ibrbidden  due  to  the  almost  identical  well  and 
barrier  thickness  («/|=4.7  nm.  </,  =  4..S  nm.  as 
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Fig.  2.  Low-frequency  Raman  spectra  tor  DES-grown 
ZnS,,  iSe,,„/ZnSe  superlattices  with  different  periodicity 
lengths,  showing  folded  acoustical  phonon  peaks. 


derived  from  X-ray  diffractometry  results  below). 
The  upper  eurve  shows  the  spectrum  of  a  SL  with 
a  larger  periodicity;  we  evaluated  the  period 
thickness  to  17  ±0.5  nm.  As  can  be  seen  from 
Fig.  2.  the  frequencies  of  the  folded  acoustical 
phonon  (FAP)  modes  depend  strongly  on  the 
superlatticc  periodicity  d.  For  Fl.S-grown  sam¬ 
ples,  the  folded  acoustical  phonons  appear  only 
very  weakly,  indicating  a  less  homogeneous  peri¬ 
odicity. 

In  order  to  suppress  possible  sulphur  desorp¬ 
tion  from  the  ternary  layers,  which  might  occur 
during  the  growth  interruptions,  ZnS.Sc,  ,-to- 
ZnSe  interfaces  were  stabilized  with  FI.S  and 
DFSc.  The  Raman  analysis  of  the  stabilized  sam¬ 
ples  shows  a  larger  frequency  shift  of  the  ternary 
vibrations,  from  which  a  strong  enhancement  of 
the  sulphur  incorporation  was  deduced:  we  ob¬ 
tained  TT'/r.  while  the  nominal  value  was  only 
14*?^.  The  peak  halfwidths  of  the  LO  modes  in 
the  optical  region  are  larger  as  compared  to  the 
unstabilized  samples.  Furthermore,  the  stabilized 
supcriattices  show  a  weakening  of  the  folded 
acoustical  phonons,  probably  due  to  the  forma¬ 
tion  of  misfit  dislocations  caused  by  the  large 
lattice  mismatch  between  the  SL  .stack  and  the 
substrate,  as  a  result  t)f  the  unintentional  high 
sulphur  content  in  the  ternary  layers.  Therefore, 


when  stabilization  is  applied,  the  partial  pressure 
of  the  S  precursor  during  growth  should  be  re¬ 
duced  appropriately. 

In  the  investigation  of  the  influence  of  differ¬ 
ent  kind  of  buffers,  optical  and  acoustical  Raman 
spectra  of  a  superlatticc  stack,  grown  on  a  1  /zm 
thick  ZnS|,  |Se|,y  buffer,  show  no  significant  im¬ 
provement  as  compared  to  a  sample  without  in¬ 
tentional  buffer  layer.  For  the  same  structure 
grown  on  a  ZnSe  buffer,  the  phonon  halfwidths 
broaden  and  the  intensity  of  the  elastically  scat¬ 
tered  light  increases,  probably  due  to  a  relaxation 
of  the  superlattice,  since  the  ZnSe  buffer  leads  to 
an  increased  strain  in  the  ZnS,Se|_,  layers  of 
the  superlatticc.  Moreover,  the  ZnSe  LO  fre¬ 
quency  in  the  buffer  indicates  that  the  buffer 
layer  is  not  fully  relaxed.  Therefore  it  may  con¬ 
tain  a  considerable  concentration  of  dislocations. 

In  order  to  determine  the  influence  of  the 
stack  thickne.ss.  we  compared  a  rather  thick  su- 
pcrlatticc  (nominally  5/5  nm.  120  X  )  with  a  thin¬ 
ner  stack  (2. 5/2.5  nm.  120  x  ).  both  grown  with 
the  H.S  precursor  and  otherwise  identical  pa¬ 
rameters.  We  observed  folded  acoustical  phonons 
only  for  the  thicker  sample,  which  indicates  that 
the  upper  layers  have  a  better  quality  and  period¬ 
icity  than  the  underlying  ones.  However,  for  sam¬ 
ples  grown  with  DBS.  the  folded  acoustical 
phonons  were  observed  already  for  a  thin  sample, 
thus  confirming  the  superiority  of  this  precursor 
material. 

Confined  optical  ZnSe  LO  phonons  and  Zn-Se 
LO  modes  were  not  observed,  probably  because 
of  a  missing  frequency  gap  between  the  binary 
and  ternary  phonon  dispersion  curves,  due  to  the 
low  sulphur  content.  For  the  LO  Zn-S  modes 
and  the  LO  ZnSe  phonons  the  frequency  gap 
should  be  large  enough  to  localize  the  modes  in 
one  type  of  layer,  but,  unfortunately,  for  the 
investigated  sulphur  content  the  LO  Zn-S  mode 
appears  only  as  a  weak  peak,  which,  moreover, 
overlaps  with  the  GaAs  signal  in  the  Raman 
spectrum. 

Fig.  3  shows  a  typical  X-ray  diffraction  profile, 
taken  from  the  same  optimized  DES-grown  120- 
period  superlatticc  which  is  shown  in  Fig.  1.  Su- 
pcrlattice  satellite  peaks  up  to  the  fifth  order  are 
clearly  observed.  From  this  well-defined  pattern 
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the  period  thickness  d  was  calculated  to  be  9.5  ± 
0.3  nm,  which  is  consistent  the  Raman-derived 
value  of  9.8  nm.  As  can  be  seen  in  the  zoomed 
inset  of  Fig.  3.  even  interference  fringes  due  to 
the  entire  superlattice  stack  (pendellosung)  are 
visible,  giving  a  total  thickness  of  the  superlattice 
of  1136.5  +  50  nm  which  is  in  good  agreement 
with  12(1  times  the  period  thickness.  The  angular 
separation  of  the  substrate  and  zero-order  peak 
gives  a  mean  lattice  mismatch  of  -885  ±  40  ppm. 
The  very  narrow  satellite  peaks  even  for  higher 
orders  and  the  presence  of  interference  fringes 
indicate  the  high  quality  of  a  well-defined  modu¬ 
lated  structure  with  smooth  interfaces.  A  simu¬ 
lated  curve  based  on  a  two-layer  model  is  al.so 
shown  in  Fig.  3.  A  satisfactory  fit  to  the  experi¬ 
mental  data,  concerning  peak  positions  as  well  as 
relative  intensities  was  achieved  assuming  a  per¬ 
fect  120-period  structure  with  abrupt  interfaces 
and  layer  thickne.s.ses  of  4.7  nm  for  ZnSe  and  4.8 
nm  for  ZoSe,  .  ,S,.  while  the  sulphur  content  x 
was  assumed  to  be  0.134.  No  improvement  in  the 
fit  was  obtained  for  a  three-layer  model  including 
graded  interfacial  regions,  since  this  only  induces 
a  weak  modification  of  the  X-ray  diffraction  pat¬ 
tern.  This  is  in  contrast  to  recent  results  on 
lattice-matched  InGaAs/InP  multiquantum  well 


60  0  62,0  64,0  66,0  68,0  70,0  72,0 


20  (degree) 

l  ig.  .t.  (004)  diffraction  profile  of  a  I’O-pcriod  ZnSc/ZnSSc 
supcrialticc.  Upper  curve:  experimental  result:  lower  curve: 
simulation  (vertically  shifted),  using  a  two-layer  model  with 
4,7  nm  ZnSe  and  4.S  nm  r^n.Seii„,,,,S,|  ,,4.  Inset:  magnified 
picture  of  the  region  between  the  /"ero-ordcr  and  (  -  1)  satel¬ 
lite  peaks. 
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Fig.  4.  Experimenla!  ((K)4)  diftracliDn  profile  for  a  f>0-pcriod 
superlattice  (high-angle  satellites  not  shown). 

structures,  where  reaeted  interface  layers  induce 
a  strain  which  strongly  influences  the  X-ray 
diffraction  pattern  [8].  We  attribute  this  reduced 
sensitivity  in  the  ZnSe/ZnSSe  system  to  the 
strain,  which  is  already  present  in  the  individual 
layers,  even  if  the  mean  .strain  in  the  entire  stack 
is  zero. 

Samples  grown  with  H^S  also  show  a  large 
number  of  satellite  peaks,  but  their  width  is  often 
broadened  with  respect  to  the  DES-grown  series 
[2],  Additionally,  they  exhibit  a  progressively  in¬ 
creasing  width  with  the  satellite  order.  This  phe¬ 
nomenon  is  usually  attributed  to  random  varia¬ 
tions  in  the  period  and  composition.  On  the  other 
hand,  we  were  able  to  detect  in  some  optimized 
DES-grown  samples  the  presence  of  more  than 
one  superlattice.  For  instance,  in  the  diffraction 
profile  of  Fig.  4,  which  shows  a  single  narrow 
zero-order  peak,  the  higher-order  satellites  are 
clearly  splitted  into  separate  sharp  peaks  whose 
difference  in  periodicity  </  is  about  1  nm.  corre¬ 
sponding  to  about  4  monolayers.  Such  a  result 
rules  out  the  possibility  of  random  variations  in 
layer  thickness  and/or  composition.  Besides  these 
well-defined  differences  in  periodicity,  some  su¬ 
perlattice  structures  showed  well-defined  compo¬ 
sitional  differences.  The.sc  are  revealed  by  a  split¬ 
ting  of  the  zero-order  peak  [2]. 

For  stabilized  ZnS^Se,  ,-to-ZnSe  interfaces, 
the  simulation  of  the  X-ray  diffraction  pattern 
requires  the  assumption  of  an  increased  sulphur 
content  in  the  barrier.  This  applies  for  both  kind 
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f'ig.  5.  Phololuminescen.c  emission  specini  in  the  near-hand 
edge  region  id  a  12(l-period  superlalticc  h»r  several  sample 
temperature''  between  12  and  40  K. 


of  sulphur  precursors.  For  the  samples  grown  on 
a  ZnSe  buffer  layer,  the  structural  quality  de¬ 
creases  significantly,  while  for  ZnS.Sc,  buffer 
layers  no  strong  influence  could  be  observed. 
However,  the  best  structural  quality  so  far  was 
obtained  without  any  intentional  buffer.  All  these 
results  are  in  accirrdance  with  the  Raman  results 
discussed  before. 

Fig.  .s  shows  photoluminescence  spectra  in  the 
near-band-edge  region  of  a  DES-grown  120- 
period  superlattice  stack.  The  sample  tempera¬ 
ture  was  varied  between  12  and  40  K.  The  domi¬ 
nant  peak  at  about  2.Sl,s  eV  is  the  free-cxciton 
heavy-hole  transition.  The  structure  on  the  low- 
energy  side  is  assigned  to  a  bound  excilon.  Its 
weakness  reveals  the  high  sample  quality.  The 
free-exciton  peak  appears  as  a  broad  structure, 
which  seems  to  be  a  superposition  of  several 
excitonic  emission  lines,  probably  due  to  small 
variations  in  thickness  and/or  composition,  as 
also  observed  by  X-ray  diffractometry.  While  the 
temperature-induced  energy  shift  of  the  spectrum 
rellects  the  '/'-dependence  of  the  ZnSe  gap  en¬ 
ergy.  the  changes  in  lineshape  are  attributed  to  a 
redistribution  of  the  free  carriers  in  the  regions 
of  the  sample  which  have  different  compo.sition 
and/or  periodicity. 


4.  Conclusions 

In  conclusion,  we  have  shown  from  Raman 
scattering.  X-ray  diffractometry  and  photolumi¬ 
nescence  that  ZnSe/ZnSSc  superlattices  grown 
from  diethylsulphide  (DES)  have  better  crys¬ 
talline  quality  and  a  more  regular  periodicity  than 
those  grown  from  H,S.  For  DES-grown  samples, 
folded-acoustical-phonon  peaks  appear  in  the 
Raman  spectrum.  The  presence  of  intense  high- 
order  satellite  reflections  in  the  X-ray  diffraction 
scans  confirms  the  high  quality  of  the  superlat¬ 
tices.  The  comparison  with  simulations,  based  on 
dynamical  theory,  implies  that  the  interfaces  are 
rather  smooth  and  their  periodicity  is  well  de¬ 
fined.  Moreover,  interference  fringes  due  to  the 
entire  stack  are  clearly  observable.  We  were  able 
to  observe  small  variations  in  periodicity  and 
compo.sition  as  a  result  of  changes  in  the  growth 
conditions  and  to  analyse  the  X-ray  patterns  with 
monolayer  aceuracy.  Stabilization  of  the  ZnSSe 
surfaces  during  growth  interruptions  results  in  a 
strongly  enhaneed  sulphur  content  in  the  barri¬ 
ers.  No  improvement  of  the  superlattice  quality 
was  achieved  by  growth  on  different  kind  of 
buffers.  ZnSe  buffers  even  lead  to  inferior  qual¬ 
ity.  probably  due  to  enhanced  strain  in  the  ZnSSe 
layers.  Beneficial  effects  for  the  layer  quality  were 
achieved  by  increasing  the  number  of  periods, 
since  the  lower  layers  act  as  a  buffer  for  the 
upper  ones. 
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Abstract 

The  interface  of  a  binary  single  quantum-well  (SOW)  structure  of  ZnSe/C'dSe.  where  C'dSe  of  less  than  one 
monolayer  is  sandwiched  between  ZnSc  layers  (submonolayer  SOW),  is  characterized  by  photolumincscence 
spectroscopy.  The  dependence  of  the  energy,  linewidih  and  intensity  of  excitonie  emission  from  submonolayer  SOWs 
on  the  well  thickness  of  CdSe  is  e.xtensively  investigated.  The  characteristics  of  the  excitonic  emission  are  interpreted 
in  terms  of  a  heterostructure  model  in  which  2  ML  wide  alloyed  wells  are  taken  into  account.  It  is  shown  that  the 
ZnCdSe  alloy  with  layer  thickness  of  about  2  ML  forms  at  the  interface  in  a  ZnSe/CdSe  quantum  well 
heterostructure. 


1.  Introduction 

Recently,  blue-green  laser  diodes  (LDs)  and 
blue-light-emitting  diodes  (BLEDs)  have  been 
demonstrated  using  ZnSe-based  heterostructures 
[1.2].  So  far.  the  optically  and  electronically  active 
region  in  the  light-emitting  devices  has  been 
mttstly  ZnCdSe/ZnSe  or  ZnCdSe/ZnSSe  quan¬ 
tum  wells  [1-5].  One  of  the  most  important  prtrb- 
lems  associated  with  the  growth  of  quantum-well 
helerostructures  (QWHs)  is  the  structural  disor¬ 
der  at  the  interfaces  of  heterostructures,  which 
includes  interface  roughness  and  interfacial  alloy¬ 
ing.  Such  structural  di.sorder  has  impttrtant  ef¬ 
fects  on  the  performance  of  the  devices  [6]. 

The  photoluminescenee  (PL)  technique  has 
been  extensively  used  to  characterize  the  inter- 
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face  roughness  of  quantum  well  (OW)  structures 
[7-11].  since  the  free  excitttnic  linewidth  of  the 
emission  is  closely  correlated  with  the  interface 
roughness  [12].  The  linewidth  of  the  excitonic 
emission  in  OWs  is  mostly  given  by  the  probabil¬ 
ity  distribution  of  lateral  dimensions  of  islands 
and  valleys  at  the  interface,  which  produces  po¬ 
tential  fluctuation.  The  line  broadening  of  exci¬ 
tonic  emission  spectra  due  to  the  interface  rough¬ 
ness  is  enhanced  as  the  QW  layer  thickness  de¬ 
creases,  as  was  reported  in  the  QWH  structures 
of  111-V  compounds  [13],  In  the  case  of  ZnS/ 
ZnSe  single  quantum  well  (SOW)  structure,  a 
ZnSe  quantum  well  thicker  than  3  monolayers 
(Ml.)  emitted  a  sharp  excitonic  emission  with 
half-width  of  15-30  meV.  while  a  broad  emission 
with  half-width  of  100  meV  was  ob.served  from 
quantum  wells  thinner  than  2  ML  [14],  These 
experimental  results  suggested  that  the  line 
broadening  in  very  thin  quantum  wells  of  I  and  2 
ML  is  caused  by  fluctuations  not  only  asscKiated 
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with  the  quantum  confinement  effect  along  the 
growth  direction,  but  also  with  the  lateral  quan¬ 
tum  confinement  effect  in  "quantum  slabs" 
formed  on  islands  and  valleys  at  the  interface. 
Most  recently,  we  have  fabricated  ZnSe/ 
(CdSe)„/ZnSe  (n  =  1-6  ML)  SOW  structures  by 
molecular  beam  epitaxy  (MBE)  and  observed 
strong  excitonic  emission  [15],  The  energy  of  the 
excitonic  emission  increased  with  the  decrease  in 
well  thickness,  and  the  half-widths  of  tlie  exci¬ 
tonic  emissions  were  around  40  and  15  meV  for 
quantum  wells  of  2-6  ML  and  I  ML,  respectively. 
It  is  obvious  that  in  contrast  to  that  from  the 
ZnS/ZnSe  SQW,  the  dependence  of  the 
linewidth  on  well  thickness  in  ZnSe/CdSc  SOWs 
cannot  be  interpreted  in  terms  of  potential  fluc¬ 
tuation  due  to  interface  roughness.  The  observed 
decrease  in  linewidth  is  postulated  to  be  due  to 
alloy  formation  of  ZnCdSe  at  the  ZnSe/CdSc 
interface.  The  alloyed  interface  would  result  in 
an  increase  in  entropy,  which  subsequently  re¬ 
duces  the  interface  free  energy  in  a  strained 
SQW  structure. 

In  the  present  study,  a  binary  ZnSe/CdSe 
SQW.  where  CdSc  of  less  than  one  monolayer  is 
sandwiched  between  ZnSe  layers  (.submonolaycr 
SOW),  is  used  to  investigate  the  structural  disor¬ 
der  at  the  interface  of  the  ZnSe/CdSe  het- 
erostrueture.  Under  optimal  growth  conditions, 
the  ZnSe  surface  roughness  along  the  growth 
direction  is  expected  to  be  of  one  or  two  mono- 
layers  thickness.  When  C'dSe  of  less  than  one 
monolayer  is  deposited  on  the  ZnSe  surface,  three 
possible  surface  structures  of  CdSe  submonolayer 
on  the  ZnSe  arise:  ca.se  I,  formation  of  CdSe 
islands  due  to  interface  roughness;  case  II.  for¬ 
mation  of  ZnC’dSe  alloy  due  to  lateral  interdiffu¬ 
sion  of  Zn  and  Cd  atoms  to  reduce  the  interface 
tree  energy;  case  III,  co-existence  of  the  islands 
and  alloy.  In  cases  I  and  III.  low-dimensional 
quantum  effects  due  to  the  formation  of  islands 
in  the  submon»)layer  SQWs  are  expected.  A  line 
broadening  of  excitonic  emi.ssion  due  to  the  dis¬ 
tribution  of  island  sizes  should  be  observed,  as 
was  reported  for  ZnS/Zn.Se  SQW  [14],  The  sub¬ 
monolayer  SQW  structure  is  preferable  to  char¬ 
acterize  the  line  broadening  due  to  the  hetero-in- 
tcrface  compared  to  SQW  structures  with  thicker 


well  thickness,  since  the  excitonic  spectrum  is 
strongly  enhanced  in  structures  with  thin  wells. 

This  paper  reports  the  characterization  of  al¬ 
loy  formation  at  the  interface  of  a  ZnSe /CdSe 
SQW  by  PL.  We  have  studied  extensively  the 
dependence  of  the  energy,  linewidth  and  intensity 
of  excitonic  emission  from  submonolayer  SQWs 
on  the  well  thickness  of  CdSe.  A  heterostructure 
model  in  which  2  ML  wide  alloyed  wells  are 
taken  into  account  is  proposed  to  explain  the 
characteristics  of  the  excitonic  emission. 


2.  Experimental  procedure 

The  submonolayer  SQWs  of  ZnSe /CdSe  were 
fabricated  as  follows;  A  2  mm  thick  ZnSe  buffer 
layer  was  grown  on  a  (l()())GaAs  substrate  by 
MBE  under  optimal  growth  conditions.  In  which 
the  ZnSe  surface  roughness  along  the  growth 
direction  is  considered  to  be  of  one  monolayer 
thickness.  CdSe  of  less  than  one  monolayer  was 
deposited  on  the  ZnSe  surface  and  ZnSe  of  0.1 
Mm  thickness  was  subsequently  deposited  to  form 
a  ZnSe/CdSe  submonolaycr  SQW.  The  well 
thickness  of  CdSe  was  varied  from  1  /4  to  1  ML. 
The  substrate  temperature  was  kept  at  280°C. 
and  the  Zn-.  Se-  and  Cd-cell  temperatures  were 
fixed  at  .47.5.  170  and  ld()°C.  respectively. 

The  well  thickness  of  CdSe  was  controlled  by 
the  deposition  time.  Fig.  1  shows  the  X-ray 
diffraction  (XRD)  pattern  observed  from 
ZnSe/CdSe  MQW  with  a  period  of  50.  The 
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Fig.  1.  X-ray  diltraclion  paticrn  observed  from  /nSe  (  dSe 
MUW  with  a  C  dSe  layer  ot  .4  A  and  a  i'nSe  layer  of  Ih.^  A. 
The  period  of  the  MOW  is  50. 
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Fi^.  2.  Phololumlnescencc  spectra  from  the  sample  with  four 
ZnSe/CdSe  submonolayer  SQWs.  A  schematic  drawing  of 
the  sample  structure  is  shown  in  the  upper  part  of  the  figure. 
The  four  peaks  of  excitonic  emission  asstKiated  with  the  four 
submonolayer  SQWs  are  obsersed. 


tliickncsscs  are  determined  from  the  diffraeted 
peak  positions  to  be  3  A  for  the  CdSe  layer  and 
163  A  for  the  ZnSe  layer,  whieh  is  in  gtwd 
agreement  with  the  expeeted  values.  Thus,  the 
deposition  time  for  the  growth  of  I  ML  CdSc  is 
estimated  to  he  4  s.  The  thieknesses  of  CdSe 
suhmonolayers  are  assumed  to  be  proportional  to 
the  deposition  time.  A  I  /am  thiek  CdSe  epilayer 
has  been  grown  on  a  ZnSe  epilayer.  The  CdSe 
epilayer  was  confirmed  by  XRD  measurements  to 
have  the  zincbelnde  structure. 

PL  spectra  were  measured  at  14  K  using  the 
32.''(l  A  line  from  a  Hc-Cd  laser  as  an  excitation 
source. 


J.  Experimental  results  and  discussion 

Pig.  2  shows  PL  spectra  from  the  sample  con¬ 
sisting  of  four  ZnSc/CdSe  submi)nolaycr  SQWs. 
A  schematic  drawing  of  the  sample  structure  is 
shown  in  the  upper  part  of  the  figure.  The  depo¬ 
sition  times  for  CdSc  to  form  quantum  wells  were 
1.  2.  3,  and  4  s.  which  corresponds  to  1  /4.  1  /2. 
3/4.  and  I  ML  of  CdSc.  respectively.  The  thick¬ 


ness  of  the  ZnSe  barrier  layers  was  I).  I  mm. 
which  is  thick  enough  to  separate  the  wells  from 
each  other.  As  shown  in  Fig.  2.  the  PL  spectra 
show  four  dominant  excitonic  emissions  from  the 
four  separated  submonolayer  SQWs.  presumably 
due  to  radiative  annihilation  of  free  excitons.  The 
emission  energy  increases  with  a  decrease  in  CdSe 
layer  thickness.  The  linewidth  of  the  emission 
peak  decreases  from  15  to  5  meV  as  the  CdSe 
layer  decreases  from  1  to  1  /4  ML.  It  is  obvious 
that  this  behavior  cannot  be  understood  in  terms 
of  the  probability  distribution  of  lateral  dimen¬ 
sions  of  islands  and  valleys  due  to  interface 
roughness.  A  weak  and  broad  emission  peak  from 
the  ZnSe  layers  appears  at  around  2.79  eV. 

Fig.  3  shows  the  temperature  dependence  of 
the  excitonic  emission  intensity  from  three 
ZnSe /CdSc  SQWs  with  well  thicknesses  of  1. 
1/2  and  1/4  ML.  The  peak  energies  of  the 
excitonic  emission  coincide  approximately  with 
those  from  the  sample  with  four  submonolayer 
SOWs.  as  shown  in  Fig.  2.  The  activation  energies 
arc  estimated  to  be  63.  2S  and  16  meV  for  sub¬ 
monolayer  SQWs  of  1.1/2  and  1  /4  ML.  respec¬ 
tively.  which  represents  the  activation  energy  for 
the  transfer  of  electrons  or  holes  from  the  well  to 
the  barrier  region.  The  temperature  dependence 
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Fig.  Temperalurc  dependence  i>l  intensity  of  excitonic 
emissions  from  three  subrntmolayer  SQWs  with  well  thick¬ 
nesses  of  1.  1/2  and  1/4  Ml..  The  activatum  energies  are 
estimated  tt>  be  f>.T  2b  and  Ih  meV  for  submoni>la>er 
of  I,  1/2  and  1/4  Ml  .  respectively 
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of  the  emission  energy  was  eompared  with  that  of 
the  free  exciton  energy  obtained  from  ZnSe  lay¬ 
ers.  The  emission  energies  for  the  SQWs  show 
the  same  temperature  dependence  as  the  free 
exciton  energy  for  ZnSe,  indicating  the  emission 
peaks  of  the  SQWs  due  to  free  excitons. 


4.  Comparison  of  model  calculation  with  experi¬ 
ment  PL  results 

The  formation  of  ZnCdSe  alloy  at  the  inter¬ 
face  due  to  lateral  interdiffusion  of  Zn  and  Cd 
atoms  is  assumed  in  order  to  understand  the 
above  experimental  PL  result.s.  Fig.  4  .shows 
schematically  a  heterostructure  model  in  which  2 
ML  wide  alloyed  wells  are  taken  into  account. 
When  CdSe  is  deposited  on  a  ZnSe  surface  with 
a  surface  roughness  of  1  ML  (Fig.  4a).  there 
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F  ig.  4.  Hclcroslruclurc  mtulci  accounting  for  2  Ml,  wide 
alloyed  wells,  (a)  /.nSe  surface  with  roughness  of  I  Ml,  along 
the  growth  direction,  (hi  formation  of  (  dSe  islands  and  val¬ 
leys  with  thicknesses  ot  1  ML  after  deposition  of  CdSe  of  less 
than  1  ML  on  /nSe  surlace.  (c)  formation  of  SOW  structure 
after  deposition  of  /nSe  on  CdSe,  and  (d>  2  ML  wide  alloyed 
well  due  to  lateral  inlerdiffusion  of  /n  and  (  d. 


Fig.  5.  Calculated  dependence  of  ,  on  Zn  composi¬ 

tion  (.v)  for  ZnSe/Zn,(  d,  ,Se  SOW  with  well  thickness  of  2 
ML.  Open  circles  represent  the  e.vperimenta)  data  of  e.Kcitonic 
emission  energy. 


would  be  formation  of  CdSe  islands  and  valleys 
whose  thicknesses  are  1  ML  (Fig.  4b).  It  is  rea¬ 
sonable  to  assume  that  ZnCdSe  alloying  occurs 
within  a  2  ML  thickness  in  a  submonolayer  SQW 
structure.  For  simplicity,  the  well  region  of  the 
submonolayer  SOW  is  assumed  to  form  a  homo¬ 
geneous  Zn,Cd|_,Se  alloy  with  thickness  t>f  2 
ML  in  the  zincblende  crystal  lattice  (Fig.  4d).  The 
calculation  of  the  transition  energy  between  the 
ground  states  of  the  electron  and  the  heasy  hole 
confined  to  the  SOW  ( L'-'"  =  )  is  based 

on  a  simple  square  well  potential  model.  The 
numerical  data  such  as  effective  masses,  lattice 
con.stanl.  band-gap  energy,  etc.  for  the  ZnCdSe 
compound  are  calculated  by  interpolation  be¬ 
tween  relevant  data  of  ZnSe  and  CdSe.  The 
valance  and  conduction  band  offsets  are  deter¬ 
mined  on  the  basis  of  Harrison's  linear  combina¬ 
tion  of  atomic  orbital  theory  [16]. 

Fig.  shows  the  calculated  dependence  of 
on  Zn  composition  (.v)  for  ZnSc/Zn, 
Cd,  ,Se  SOW  with  well  thickness  of  2  ML.  The 
dashed  and  solid  lines  represent  calculations  with 
and  without  strain  due  to  lattice  mismatch.  The 
experimental  data  are  plotted  where  the  Cd  com¬ 
position  (1  -  A  )  is  estimated  by  assuming  that  Cd 
is  included  to  form  a  2  ML  thick  ZnCdSe  layer. 
As  seen  from  the  figure,  the  experimental  results 
can  be  well  explained  by  the  calculated  ones.  The 
exciton  binding  energy  is  not  included  in  the 
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calculation,  which  may  be  responsible  for  the 
difference  in  energy  between  the  calculated  and 
experimental  results.  The  dependence  of  on 
the  composition  for  ZnSe/ZnCdSe  SOWs  with 
well  thicknesses  of  1  and  ?i  ML  was  also  calcu¬ 
lated.  The  obtained  values  were  much  larger 
for  the  1  ML  and  much  smaller  for  the  3  ML  well 
thickness  than  the  experimental  values. 

The  activation  energies  estimated  from  the 
temperature  dependence  of  the  emission  inten¬ 
sity  are  considered  to  reflect  the  thermal  activa¬ 
tion  process  of  electrons  or  holes  from  the  well  to 
the  barrier  layer  and  the  dissociation  process  of 
excitons  in  the  well.  Fig.  6  shows  the  calculated 
dependence  of  the  activation  energies  of  electron 
and  hole  ^  on  Zn  composition  (.v) 

for  a  ZnSe/ZnjCd,  .jSe  SQW  with  well  thick¬ 
ness  of  2  ML.  where  the  activation  energy  is  the 
difference  in  energy  between  the  ground  state 
and  the  barrier,  as  is  shown  in  the  inset  of  the 
figure.  Open  circles  represent  the  experimental 
data  obtained  from  Fig.  .3.  The  activation  energy 
increases  with  the  increase  in  Cd  composition. 
The  dissociation  energy  for  an  exciton  in  the  well 
increases  with  an  increase  in  activation  energy, 
since  the  exciton  binding  energy  is  enhanced  by 
the  twt)-dimensional  confinement  effect.  The  ex¬ 
perimental  results  are  qualitatively  explained  by 
the  calculations. 


t  ij;.  fi.  (  ak'iiliilcd  ik'pciulcncc  iif  aclivallxn  energies  of  elee- 
Iron  and  hide  J/-....,,)  on  /.n  eomposilion  (ri  for 

/nSe//.n  ,('tl ,  ,Se  SOW  with  well  Ihiekness  of  2  M!..  Open 
eireles  represent  the  experimental  data  td’  aetivation  energy. 


Fig.  7.  Caleulated  llnewidth  id  excitonic  emission  as  a  funetion 
of  alloy  composition  for  ZnSe/Zn.Cd,  ,Se  SOW  with  well 
Ihiekness  of  2  ML.  ir  is  the  linewidth.  the  radius  associated 
with  the  volume  per  cation  t  '  ,<\).  and  the  exciton 

radius  of  Zn.('d|  ,Se. 

The  linewidth  of  excitonic  emission  from  a 
ZnSc/Zn  ,Cd ,  ,  Se  SOW  with  well  thickness  of  2 
ML  is  discussed  on  the  basis  of  the  formalism 
developed  by  Singh  and  Bajaj  [9].  where  the  ef¬ 
fect  of  the  probability  distribution  of  Zn  (rr  Cd 
concentration  in  the  well  layer  is  calculated.  Fig. 
7  shows  the  ealculated  !'newidth  of  excitonic 
emission  as  a  function  of  alloy  composition  tor  a 
ZnSe/Zn,Cd|  ,Se  SOW  with  well  thickness  of  2 
ML.  The  linewidth  is  strongly  dependent  on  the 
alloy  composition.  As  the  eomposition  ap¬ 
proaches  ca.  0..‘r.  the  linewidth  is  rapidly  broad¬ 
ened.  Using  the  exciton  radius  (  K^.^)  of  ZnSe  (2S 
A)  instead  of  that  of  Zn^Cd,  ,Se.  the  linewidths 
are  estimated  as  It)  and  4  meV  for  .v  =  ()..s  and 
0.87.S,  These  values  are  very  close  to  the  experi¬ 
mental  data  of  1.3  meV  for  ,v  =  l)..3  and  .3  meV  for 
.V  =  l).87.3. 


5.  Conclusion 

We  have  characterized  the  interfacial  alloy  for¬ 
mation  in  ZnSe/CdSe  quantum  well  heterostruc- 
lures  by  PL  spectroscopy.  The  dependence  of  the 
energy,  linewidth  and  intensity  of  excitonic  emis¬ 
sion  from  submonolayer  SOWs  on  the  well  thick¬ 
ness  of  Cd.Se  is  extensively  investigated.  The 
characteristics  of  the  excilt)nic  emission  are  inter- 
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prcted  in  terms  of  alloy  formation  at  the  inter¬ 
face.  It  is  shown  that  a  ZnCdSe  alloy  with  layer 
thickness  of  about  2  ML  forms  at  the  interface  in 
ZnSe/CdSe  quantum  well  heterostructure. 
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Abstract 

The  light  interference  effect  in  optical  bistability  of  multiple  quantum  well  (MOW)  etalons  has  been  studied  by  a 
simplified  formula  according  to  the  light  propagating  theories  in  multiple  layers  medium.  On  the  basis  of  the 
formula,  the  analyzed  results  show  that  the  light  interference  effect  in  the  MOW  can  directly  affect  the  threshold  of 
the  optical  bistability  of  the  MOW  etalons.  particularly  in  the  case  of  large  periodic  number  and  large  reflectivity  in 
interfaces  between  the  well  and  barrier  layers  of  the  MOW  etalons.  The  optical  bistabilities  in  the  CdZnSe-ZnSe 
and  ZnSe-ZnTc  MOW  etalons  have  been  measured  and  compared  with  the  analyzed  results;  the  experimental 
results  further  indicate  that  the  large  reflectivity  in  the  interface  between  the  well  and  bar'-ier  layers  of  the  MOW 
will  cause  the  threshold  of  the  optical  bistability  in  the  MOW  etalons  to  increase  due  to  the  light  interference  effect 
in  the  MOW  etalons. 


1.  Introduction 

Recently,  optical  bistability  in  MQW  etalons 
has  become  an  interesting  research  topic  because 
of  the  possible  application  of  the  switching  prop¬ 
erty  in  optical  computer.  Many  studies  on  optical 
bistability  in  MOW  etalons  have  been  reported, 
in  which  the  major  interests  are  to  reduce  the 
threshold  of  optical  bistability  in  MOW  etalons 
by  using  optimal  structure  of  the  MOW  and 
Fabry-Perot  (FP)  cavity  [1.2],  but  the  light  inter¬ 
ference  effect  in  the  MOW  is  not  considered.  In 
this  paper,  we  report  the  study  of  the  light  inter¬ 
ference  effect  in  MOW  etalons,  in  which  the  light 
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interference  effect  in  the  MOW  has  been  ana¬ 
lyzed  by  a  simplified  formula.  The  research  re¬ 
sults  indicate  that  the  light  interference  effect  in 
the  MOW  can  directly  affect  the  threshold  of  the 
analyzed  bistability  of  the  MOW  etalons.  On  the 
basis  of  the  analyzed  results  obtained  here  and 
the  experimental  results  of  optical  bistabilities  in 
the  CdZnSe-ZnSe  and  ZnSe-ZnTe  MOW 
etalons  measured  here,  the  influence  of  the  light 
interference  effect  on  the  threshold  of  optical 
bistability  in  the  CdZnSe-ZnSc  MOW  etalons  is 
smaller  than  that  in  the  ZnSe-ZnTe  MOW 
etalons.  The  major  reason  for  the  difference  is 
due  to  the  smaller  reflectivity  in  the  interface 
between  the  well  and  barrier  layers  in  the 
CdZnSe-ZnSe  MOW  etalons  than  that  in  the 
ZnSe-ZnTe  MOW  etalons. 


(HI22-()24S/94/$ll7.(K)  <  |W4  Elsevier  Seienee  B.V.  All  rights  reserved 
.V.V/)/  (1(1 2  2  -  0  24  K(  9  ,•) )  EOh  2(1  - 1 


[)./.  Shcn  i‘t  (li  /Journal  of  C  rystal  (irowth  US  I IWJI  h2S-6/S 


S2h 


2.  Analysis 

For  an  optical  bistable  device  of  a  MQW 
etalon.  when  the  direction  of  light  propagation  is 
perpendicular  to  the  multilayers  of  tne  MQW 
etalon.  the  light  wave  is  reflected  on  the  interface 
between  the  well  and  barrier  layers,  and  also  on 
the  front  and  back  surfaces  of  the  MOW  etalons. 
In  the  general  case,  the  difference  of  refractive 
indices  of  well  and  barrier  layers  is  very  small. 
Because  of  the  very'  small  reflectivity  on  the  inter¬ 
face  between  the  well  and  barrier  layers  in  the 
MOW  etalons.  we  only  consider  the  first  reflec¬ 
tion  of  light  on  the  interface  and  assume  that  the 
reflectivity  of  the  front  surface  is  equal  to  the 
reflectivity  of  back  surface  in  the  FP  cavity.  In 
this  ca.se.  the  transmission  can  be  written  in  the 
form  [.1]: 


F'{l-R)-/4R  _ 

(1) 

where  the  finesse  is 

F'  =  4R:/(\-R'J-. 

(la) 

with 

R:,  =  R(1  -R,,)-"  e-”'. 

(lb) 

(i  =  (477/A)(«|rt|  +  iU(U)n. 

(Ic) 

R„=  [(ri,  -luj/i'h  +":)]'• 

(Id) 

Here,  and  lu  are  the  refractive  indices  of 
well  and  barrier  layers,  respectively,  a,  and  ri, 
are  the  widths  of  well  and  barrier  layers,  respec¬ 
tively.  n  and  a  are  the  periodic  number  and 
average  absorption  coefficient  of  the  MOW.  re¬ 
spectively.  />,  L  and  R  are  the  incident  light 
wavelength,  cavity  length  and  reflectivity  of  the 
FP  cavity,  respectively,  and  /,  is  the  function  of 
the  parameters  of  the  materials  and  structures  in 
the  MOW  etalons  [.1].  In  the  general  case.  /,  is 
much  smaller  than  one  unless  (47r/AX«|/i|  + 
cun;^  is  close  to  Itt.  Therefore.  7','|.  becomes: 

/ ■■’(  1  -  R)'/4R 

- -  (2) 

"  1  F' sin’f)/2  '  ' 

Obviously,  the  form  of  Fq.  (2)  is  the  same  as 
the  expressive  formula  in  the  case  of  a  uniform 


medium;  particularly  in  the  case  of  R„  =  0.  Eq. 
(2)  is  identical  with  that  in  the  case  of  uniform 
medium. 

On  the  basis  of  the  FP  cavity's  nonlinear  theo¬ 
ries,  from  Eq,  (2),  the  finesse  of  the  MOW  etalons 
and  the  threshold  of  the  optical  bistability  in  the 
MOW  etalons  is  not  the  same  as  that  in  a  uni¬ 
form  medium;  the  threshold  required  for  the 
optical  bistability  in  a  MOW  etalons  can  be  writ¬ 
ten  as  [.A]; 

A'h  =  2C-7,.  (3) 

where 

(I  -  7?)(l  +/?:.)(!  -T,r"  e-'")' 

with 

R;  =  RT,7"  e  .  (.Ab) 

T„=\-R„.  {30 

Here  /,  is  the  saturating  absorption  intensity 

of  the  MOW  within  a  FP  cavity.  According  to  Eq. 
{3).  the  threshold  increases  with  decreasing 
T,;"  for  any  light  absorption  loss  oA  and  reflec¬ 
tivity  R  in  the  MOW  etalons.  Therefore,  in  order 
to  get  the  lowest  possible  we  must  increase 
the  value  of  T,;".  i.e..  use  the  smallest  possible 
periodic  number  of  MOW  and  smallest  differ¬ 
ence  values  of  refractive  indices  be>ween  the  well 
and  barrier  layers  n’cdium.  Based  on  the  above 
analysis,  we  can  get  icsults  as  follows:  light  inter¬ 
ference  effect  in  MOW  etalons  can  directly  affect 
the  quality  of  FP  cavity  and  tlie  threshold  of  the 
optical  bistability  in  the  MOW  etalons,  and  the 
effect  depends  on  the  periodic  number  and  the 
reflectivity  in  the  interface  between  the  well  and 
barrier  layers  in  the  MOW  etalons. 


3.  Experimental  results  and  discussion 

ZnSe-based  MOW  is  a  kind  of  important  ma¬ 
terial  system;  it  has  been  used  as  the  active  layer 
in  p- n  junction  blue  green  la.scrs.  Many  studies 
on  the  ZnSe-based  MOW  have  been  reported, 
and  the  research  results  indicate  that  the  ZnSe- 
based  MOW  has  a  strt'i’g  room-temperature  exci- 
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tonic  effect,  low  nonlinear  threshold  and  gtxid 
waveguide  character.  In  the  MOW  lasers,  the  FP 
cavity  is  parallel  to  the  multilayers  of  the  MOW, 
in  which  the  emitting  light  needs  to  be  limited  in 
the  multilayers  so  that  the  emission  can  propa¬ 
gate  along  the  direction  of  the  FP  cavity.  As  an 
FP  optical  bistable  device,  the  FP  cavity  is  per¬ 
pendicular  to  the  multilayers  of  the  MOW,  in 
which  the  low  threshold  for  the  optical  bistable 
device  needs  a  small  light  interference  effect  in 
the  MOW  besides  the  strong  room-temperature 
nonlinear  effect  according  to  the  above-analyzed 
results.  Because  the  CdZnSe-ZnSe  MOW  has 
smaller  light  reflectivity  in  the  interface  between 
the  w'ell  and  barrier  layers  than  that  in  the 
ZnSe-ZnTe  MOW,  the  influence  on  the  thresh¬ 
old  of  the  optical  bistable  device  in  the 
CdZnSe-ZnSe  MOW  etalons  should  be  smaller 
than  that  in  the  ZnSe-Zn'le  MOW  etalons. 
Therefore,  in  order  to  study  the  influence  of  light 
interference  effect  on  the  MOW  etalons  for  the 
threshold,  CdZnSe-ZnSc  and  ZnSc-ZnTe  MOW 
etalons  are  prepared  and  measured. 

The  two  material  systems  within  the  FP  cavi¬ 
ties  studied  here  are  a  Cd||,4Zn,i7„Se-ZnSe 
MOW  and  a  ZnSe-ZnTe  MOW  of  total  thick¬ 
nesses  of  0.75  ^im  grown  by  mctalorganic  chemi¬ 
cal  vapor  deposition  on  n-GaAs  substrates,  which 
consist  of  50  periods  of  5  nm  Cd,,  ■,4Zn||7ftSe  (or 
ZnTe)  wells  and  10  nm  ZnSe  barriers.  The  GaAs 
substrates  were  removed  by  etching  to  allow  mak¬ 
ing  FP  cavities:  the  FP  cavities  are  prepared 
according  to  the  method  described  in  our  earlier 
work  [4]. 

In  both  optical  bistable  devices,  the  reflectivi¬ 
ties  of  the  interface  between  the  well  and  barrier 
layers  in  the  CdZnSe-Zn.Se  MQW  and  the 
ZnSc-ZnTc  MOW  are  about  1.6  X  10  ■*  and  S  x 
10  X  respectively  [5.6],  and  the  reflectivities  of 
the  front  and  back  surfaces  in  the  both  FP  cavi¬ 
ties  are  about  0..45  and  0.9.  respectively. 

On  the  basis  of  the  measuring  setup  de.scribe 
in  our  earlier  work  [7],  the  r(K)m-temperalure 
optical  bistabilities  in  CdZnSe-ZnSc  and  ZnSe- 
ZnTe  MOW  etalons  are  measured.  Figs,  la  and 
lb  show  the  accumulated  and  normalized  tempo¬ 
ral  shapes  of  incident  and  transmitted  pulses  in 
the  CdZnSe-ZnSe  and  ZnSe-ZnTe  MOW 


Fig.  1.  Time  Jependence  of  averaged  normalized  incideni 
(solid  curv'e)  /,,  and  Iransimitled  (dashed  curve)  /,  pulses  (a) 
in  the  CdZnSe-ZnSe  MOW  elalon  and  (b)  in  the  ZnSe-ZnTe 
MOW  elalon. 


etalons,  respectively.  On  the  basis  of  the  change 
of  transmitted  intensities  as  a  function  of  incident 
intensities,  the  optical  bistabilities  in  the 
CdZnSe-ZnSe  and  ZnSe-ZnTe  MOW  etalons 
are  obtained  as  shown  in  Figs.  2a  and  2h. 

From  Figs.  2a  and  2b,  we  can  sec  that  the 
thresholds  1'^  in  the  CdZnSc-ZnSe  and  ZnSe- 
ZnTe  MOW  etalons  are  about  HO  and  750 
kW/cm’.  respectively.  The  threshold  of  the  opti¬ 
cal  bistability  in  the  CdZnSe-ZnSe  MOW  etalons 
is  about  one  order  lower  than  that  in  the  ZnSe- 
ZnTe  MOW  etalons.  Because  the  nonlinear 
threshold  in  the  CdZnSe-ZnSe  found  in  experi¬ 
ments  (not  shown  here)  is  close  ti>  that  in  ZnSe- 
ZnTe  and  the  structure  parameters  of  the  FP 
cavities  arc  the  same  in  both  optical  bistable 
dcvicc.s.  the  different  thre.sh''ld.s  in  both  optical 
bistable  devices  should  be  due  to  the  different 
light  reflectivities  in  the  CdZnSe-ZnSe  and 
ZnSe-ZnTe  MOW  etalons.  This  indicates  that 
the  experimental  results  agree  with  the  analyzed 


1,'"  I . 

In|Mii  I’-.wrt  'kw  nil  !'i|iii  ikW  .m 


Hg.  2.  The  opiical  bistubililies  (a)  in  Ihe  t  ilZ.nSc  ZnSc 
MOW  elalon  ami  (b)  in  Ihe  ZnSe  '/.nTe  MOW  elalon. 
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results,  i.c..  the  light  interference  effect  in  the 
MOW  etalons  can  directly  affect  the  threshold  of 
the  optical  bistability  in  the  MOW  etalons. 
Therefore,  in  order  to  reduce  the  threshold  of 
the  optical  bistability  in  the  MOW'  etalons,  it  is 
necessary  to  consider  the  light  interferenee  effect 
in  the  MOW  and  use  the  material  systems  with 
smallest  possible  periodic  number  and  retlectivity 
in  the  interface  between  the  well  and  barrier 
layers  in  the  MOW  etalons. 


4.  Conclusions 

We  have  studied  the  light  interference  effect 
in  the  optical  bistability  of  MOW  etalons,  in 
which  the  light  interference  effect  can  be  de¬ 
scribed  by  a  simplified  formula.  The  research 
results  indicate  that  the  light  interference  effect 
in  the  MOW  etalons  can  affect  the  quality  of  the 
FP  cavity  and  the  threshold  of  the  optical  bistabil¬ 
ity  in  the  MOW  etalons.  Particularly  in  the  case 
of  large  periodic  number  and  large  retlectivity  on 
the  interface  between  the  well  ;ind  barrier  layers 
in  the  MOW  etalons.  the  effect  cannot  be  ne¬ 
glected.  In  order  to  get  the  lowest  possible 
threshold  of  optical  bistability  in  the  MOW 
etalons.  it  is  necessary  to  reduce  the  values  of  the 
periodic  number  and  the  retlectivity  of  the  inter¬ 
face  between  the  well  and  barrier  layers  in  the 
MOW'  etalons.  The  experimental  results  of  the 
optical  bistabilities  in  the  C'dZn.Se-ZnSe  and 
ZnSc-Zn  l'e  MOW  etalons  measured  here  fur¬ 
ther  support  the  above  analyzed  results  and  indi¬ 


cate  that  the  optical  bistable  device  in  the 
CdZnSe-ZnSe  MOW  etalons  is  a  better  FP  type- 
optical  bistable  device  because  of  the  smaller 
light  interference  effect  in  the  CdZnSe-ZnSe 
MOW  etalons  than  that  in  the  ZnSe-ZnTe  MOW 
etalons. 
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Abstract 

Room  temperature  (RT)  excitonic  optical  bistability  has  been  investigated  in  multiple  quantum  wells  (MQWs)  of 
(Zn,  Cd)  Sc-ZnSc  at  blue-green  wavelengths.  The  (Zn.  Cd)  Se-ZnSc  MQWs  with  50  periods  were  grown  by 
atmospheric  pressure  MOCVD  technique.  Photolumincscence  (PLi  and  transmission  spectra  of  Zn,,  -sC'd,,  ,,Se-ZnSc 
MQWs  at  RT  were  measured.  Optical  bistability  (OB)  of  the  MQWs  at  RT  was  obtained  by  an  incident  beam  of  515 
nm  wavelength.  The  origin  of  the  OB  obtained  here  was  attributed  to  the  excitonic  absorption. 


I.  Introduction 

Optical  bistability  (OB)  in  II-VI  wide  band 
gap  semiconductor  strained  layer  superlattices 
(SLSs)  and  quantum  wells  (OWs)  is  of  increasing 
interest  for  both  basic  and  applied  purposes  [1-3]. 
For  this  reason,  it  is  the  most  likely  model  system 
in  studies  concerning  a  future  optical  computer. 
Recently,  rapid  progress  of  ZnSe-based  quantum 
well  and  superlatticc  systems  has  been  ensued  by 
molecular  beam-epitaxy  (MBE)  [4],  and  mctalor- 
ganic  chemical  vapor  deposition  (MOCVD)  [5], 
leading  to  evident  improvement  in  material  qual¬ 
ity.  However,  in  ZnSe  the  exciton  survey  among 
absorption,  reflection  or  luminescence  is  hard  at 
room  temperature.  This  is  due  to  the  fact  that  the 
exciton-LO  phonon  interaction  is  stronger  than 
the  exciton  oscillator  strength  and  leads  to  rapid 
dissociation  of  the  exciton  into  free  electron-hole 
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pair  states  with  increasing  temperature.  In 
Zn,  ,Cd,Se-ZnSe  OWs  with  the  addition  of  Cd 
component  to  form  a  ternary'  well,  the  exciton 
o.scillator  strength  increases  and  binding  energy 
can  be  made  to  exceed  the  LO  phonon  energy  [7]. 
Zn,  ,Cd,Sc-ZnSe  QW  material  provides  a 
strong  exciton  emission  of  which  the  wavelength 
can  be  varied  in  the  blue-green-red  region  by 
adjusting  the  composition  .v  or  changing  the 
ternary  well  width. 

In  this  paper  we  report  Zn,  ,Cd,Se-ZnSe 
MOW  growth  on  (100)  CJaAs  substrate  by  atmo¬ 
spheric  pressure  MOCVD  for  the  first  time.  The 
observation  of  the  e.xciton  absorption  peak  in 
Zn,  ,Cd,Se-ZnSe  MOWs.  and  optical  bistabil¬ 
ity  and  mechanism  in  Zn,,  7xCd,|  ,,Se-ZnSe 
MOWs  are  studied. 

2.  Experimental  procedure 

Epitaxial  growth  of  Zn ,  ,Cd ,  Se-ZnSe  MOWs 
was  performed  by  atmospheric  pressure  MOCVD 
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with  a  horizontal  reactor.  The  GaAs  substrates 
are  n-type  with  orientation  of  (100)  within  +0.5° 
off  towards  (110).  The  sources  used  are  dimeth- 
ylzinc  (DMZn),  dimethylcadmium  (DMCd)  (Mor¬ 
ton  Co.  Advanced  Materials)  and  hydrogen  se- 
lenide  (H^Se)  10%  in  hydrogen.  The  substrates 
were  degreased  and  etched  in  a  H2SO4  : 
HiO. ;  HiO  =  5 : 1 : 1  solution  at  around  50°C  for 
1  min,  rinsed  in  de-ionized  water  for  5  min, 
blow-dried,  and  then  mounted  onto  the  graphite 
susceptor.  Before  epitaxial  growth  the  .substrate 
was  heated  up  to  600°C  in  Pd-diffusion  H,  flow 
for  10  min  to  decompose  the  thin  surface  oxide 
layer  on  GaAs.  Then  a  buffer  layer  of  ZnSe  of 
around  1  /am  was  grown  at  320°C;  for  multilayer 
growth,  computer-controlled  air-operated  valves 
were  performed  to  control  separately  binary  and 
ternary  compound  growth. 

Zn|_4Cd,Se-ZnSe  MQWs  were  assessed  by 
observation  of  X-ray  satellite  peaks  of  (400) 
diffraction.  PL  measurements  were  carried  out  at 
77  K  and  RT  by  the  3.37.1  nm  line  from  a  N, 
laser  as  an  excitation  source  in  conjunction  with  a 
44  W  gating  monochromator  with  a  C31()34  cooled 
photomultiplier.  The  optical  bistability  measure¬ 
ment  apparatus  has  been  described  in  detail  else¬ 
where  [1]. 

The  excitation  source  was  a  dye  laser  pumped 
by  the  337.1  nm  line  from  a  N,  laser.  The  dye 
laser  pulse  was  6  ns  in  duration  with  0.5  mJ  single 
pulse  energy,  and  tuning  range  at  480-540  nm 
with  a  central  wavelengh  of  515  nm.  The  time 
dependence  of  incident  /„  and  transmitted  /, 
pulses  was  measured  by  a  model  4400  boxcar. 


3.  Results  and  discussion 

It  was  found  that  the  correlation  between  the 
gas  phase  and  solid  composition  of  co-cation 
ternary  alloy  (Zn,  ,Cd,Se)  is  unusually  different 
from  co-anion  ternary  alloy  (ZnSc,  ,S,)  [6].  The 
addition  of  Cd  to  ZnSc  producing  Zn,  ,Cd,Sc 
alloy  (x  <  0.5)  is  much  easier  in  comparison  with 
the  addition  of  S  to  ZnSc  producing  ZnSc,_,S, 
alloy.  Fig.  1  shows  the  correlation  between  gas 
phase  and  solid  composition  of  Zn,  ,Cd,Se  epi- 
laycr.  One  can  see  that  there  is  no  a  one-to-^nc 


Fig.  1.  Correlation  between  gas  phase  and  solid  composition 
ol  ZnCdSe  ternary  epilayer  grown  at  32.0'^C. 


correlation  between  the  gas  phase  and  the  solid 
composition.  The  DMCd  source  .seems  to  be  more 
reactive  to  H,Se  than  the  DMZn  source  under 
the  same  growth  conditions.  The  composition  x 
in  the  ternary  epilayer  was  determined  from  X-ray 
diffraction  peak  angles  for  (4(X))  planes  by  Veg- 
ard's  law. 

For  the  well  width  measurement  of 
Zn,  ,Cd,Se-ZnSe  MQWs.  the  period  thickne.ss 
of  well  plus  barrier  width  can  be  measured  by  the 
separation  between  the  satellite  peaks  of  X-ray 
diffraction  (4(X))  rocking  curve.  Under  MQW 
growth  conditions,  the  simulation  single  layer  well 
(ZnCdSe)  and  barrier  (ZnSe)  growth  ratio  were 
respectively  obtained  by  the  ratio  of  thickness  to 
growth  time,  so  that  in  practice  the  thickness  of  a 
period  well  and  barrier  can  be  controlled  sepa¬ 
rately  by  growth  time.  The  period  well  width 
calculated  from  X-ray  diffraction  is  approxi¬ 
mately  corresponding  to  the  well  width  of  the 
growth  experiment. 

In  comparison  with  Parbrtxtk  et  al,  at  higher 
growth  temperature  the  ZnSe-CdSc  SL  structure 
would  deteriorate  owing  to  the  cation  interdifu¬ 
sion  [7].  A  growth  temperature  of  32()°C  was 
adopted  in  Zn,  ,Cd,Se-ZnSc  MQWs  epitaxy. 

PL  spectra  of  ZnSe  epilayer  (a).  Zn,  ,Cd,Se. 
a  =().22  ternary  layer  (b)  and  Zn||7xCd„,,Se- 
ZnSc  MOW  layers  (c.d)  are  shown  in  Fig.  2.  The 
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Fig.  2.  PL  spectra  of  ZnSe  epilayer  (a),  Zn,  ,C'd,Se  epilaycr 
(b)  and  Zn,|  ,xCd„  ,,Se-ZnSe  MOWs  at  77  K  (c)  and  RT  (d). 


emission  peaks  of  the  MQWs  are  located  around 
480  nm  (c)  and  510  nm  (d)  at  77  K  and  RT. 
re.spectively.  It  is  found  that  at  77  K  the  emission 
full  width  at  half  maximum  (FWHM)  of  the 
Zn|_,Cd,Se  layer  is  getting  broading  with  .v 
value  increasing,  in  contrast  to  the  ZnSe  epilayer 
(7  nm),  while  the  FWHM  of  the  ternary  epilayer 
with  X  =  0.22  (b)  is  10  nm  due  to  the  Cd  compo¬ 
nent.  In  Zn,,  7^Cd||  iiSe-Zn.Se  MQWs.  the  12  nm 
FWHM  is  broader  than  the  ternary  epilaycr  .v  = 
0.22  due  to  the  another  addition  of  well  width 
fluctuation. 

After  the  GaAs  substrate  of  the  MQW  layer 
was  removed  by  etching,  the  transmission  spectra 
were  measured  by  a  W  lamp  as  light  source  at  77 
K  and  RT.  Fig.  .4  shows  the  transmi.ssion  spectra 
of  Zn||7„Cd||j;Se-ZnSc  MQWs  with  narrow  well 
(  <  5  nm)  and  wide  well  (  >  10  nm).  From  Fig.  .4a 
it  is  found  that  in  the  narrow-well  sample  the 
transparenc'y  starts  from  445  nm  and  with  increas¬ 
ing  wavelength  an  absorption  appears  at  480  nm 
at  77  K:  from  Fig.  .4b  it  is  found  that  the  trans¬ 
parency  starts  from  460  nm  and  the  absorption 
moves  to  510  nm  and  broadens  at  RT.  According 
to  the  description  by  Ding  et  al.  [8],  the  absorp¬ 
tion  at  510  nm  should  be  attributed  to  m=  I 
heavy  hole  exciton  absorption,  while  in  the  widc- 


Fig.  .7.  Optical  tran.smission  spectra  itl  Zn„ -xC'd,,  .,Sc-ZnSc 
MOWs  with  narrow  wells  and  wide  well  at  77  K  and  RT. 


well  sample  the  transparency  increases  gradually 
with  increasing  wavelength  without  any  absorp¬ 
tion  at  both  77  K  and  RT.  shown  in  Figs.  .4c  and 
.4d.  This  means  that  electronic  confinement  and 
quasi-2D  exciton  effect  disappear  in  this  case. 

Fig.  4a  shows  the  accumulated  and  normalized 
temporal  shape  of  the  incident  /„  and  transmit¬ 
ted  /,  pulses  during  515  nm  wavelength  as  inci¬ 
dent  light.  The  experimental  result  from  Fig.  4a 
shows  that  the  incident  /„  pulse  with  FWHM  of  6 
ns  is  compressed  into  transmitted  /,  pulse  with 


1  inir  (ns) 

Fig.  4.  <a)  Time  dcpcnvlcnee  of  idckiciw  /,,  (inc)  and 

Iransniiiicil  /,  (dashed  line)  pulse  id  /ni, /nSe 
MQWs  al  nH>m  lemperature.  (h)  Increasing  absorpiion  opii- 
cal  biMability  hysleresis  Uh>p  from  (a). 
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FWHM  of  4  ns.  This  indicates  that  the  depen¬ 
dence  of  transmitted  intensities  I,  on  incident 
intensities  /,!  is  nonlinear.  Fig.  4b  gives  the  corre¬ 
sponding  hysteresis  loop  /,  =/(/,))  and  the  direc¬ 
tion  of  the  hysteresis  loop  is  cloclcwi.se.  The  opti¬ 
cal  bistability  (OB)  disappears  if  the  incident 
wavelength  is  changed  from  515  to  528  or  506  nm, 
respectively.  Comparing  the  emission  peak  posi¬ 
tion  around  510  nm  at  RT  in  Fig.  3b,  it  is  reason¬ 
able  to  consider  that  the  emission  and  absorption 
energy  position  at  510  nm  at  RT  should  have 
originated  from  the  exciton. 

Therefore,  the  optical  bistability  obtained  us¬ 
ing  a  wavelength  of  515  nm  as  incident  light  in 
Fig.  4  should  also  be  attributed  to  the  excitonic 
absorption.  It  should  be  noted  that  by  changing 
the  wavelength  of  incident  light  from  515  to  528 
or  506  nm.  the  OB  of  the  sample  disappears.  This 
further  established  that  the  OB  in  Fig.  4  could  be 
ascribed  to  the  exciton  absorption  other  than  to  a 
thermal  effect. 

In  summary,  we  have  reported  the  MOCVD 
growth  and  characterization  of  Zn|_,Cd,Se- 
ZnSe  MOWS  and  the  observation  of  exciton  ab¬ 
sorption  peak  due  to  heavy  hole.  The  optical 
bistability  of  Zn|i7xCd,|,,Sc-ZnSe  MOWs  with 
ns  response  time  at  room  temperature  has  been 
obscrN'cd  for  the  first  time  and  is  attributed  to 
cxcitonic  absorption. 
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Abstract 

ZnSe-ZnTe  superlattices  were  grown  on  GaAs  (100)  surfaces  by  molecular  beam  epitaxy  without  buflcr  layer. 
The  thicknesses  of  ZnSe  and  ZnTe  layers  were  varied  from  5/4  to  0/4  monolayer  (ML)  and  from  1/0  to  1  ML. 
respectively.  The  photoluminescenee  (PL)  spectra  due  to  isoelcctronic  traps  of  Te  atoms  and  clusters  are  indepen¬ 
dent  to  the  thickness  of  ZnSe  layers.  We  can  tune  the  photon  energy  of  PL  emission  from  about  2.65  to  2..45  cV 
under  the  thickness  of  ZnSe  layers  of  2  monolayers  constant.  The  green  emission  was  achieved  at  room  temperature 
by  the  superstructure  with  blue  band  layers  sandwiched  by  ZnTe  of  1  ML. 


1.  Introduction 

A  design  of  the  stacking  structure  of  the 
ZnSe-ZnTe  superlattice,  that  belongs  to  type  11. 
is  potential  to  make  high  emission  efficiency  and 
to  tune  the  wavelength  of  emission  light.  Since 
the  ZnSe-ZnTe  system  has  a  large  lattice  misfit 
of  about  7.3'^.  the  system  is  called  a  strained 
layer  superlattice  (SLS).  The  optical  properties  of 
this  system  have  been  studied  by  Raman  .scatter¬ 
ing  and  photoluminescenee  (PL)  [1].  We  reported 
previously  that  the  blue-light  emission  intensity  of 
this  superlattice  system  is  several  hundred  times 
stronger  than  that  of  the  1,  line  of  the  simple 
ZnSe/GaAs(  100)  grown  by  molecular  beam  epi¬ 
taxy  (MBE)  [2], 
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It  is  well  known  that  Te  in  ZnSe  acts  as  an 
isoelcctronic  trap  [3]  and  that  the  emission  effi¬ 
ciency  of  excitons  captured  at  the  traps  is  very 
high  [4].  In  the  case  of  the  mixed  crystal 
ZnSC|_,Te,.  the  wavelength  of  PL  emission  due 
to  this  trap  depends  on  the  density  .v  of  Te  in 
ZnSe.  The  emission  light  is  blue  (corresponding 
to  S|  band  in  ref.  [4])  lor  low  Te  density 
(ZnSe„ygsTe||,^i,)  and  green  (S^)  for  high  density 
(ZnSC|,4.iTe|||,s)  alloys  [5).  The  control  of  Te  con¬ 
tent  is  important  for  application  of  this  system  to 
blue  light  optoelectronics  devices.  The  origin  of 
blue  emission  is  due  to  the  Te  atom  traps  in 
ZnSe.  On  the  other  hand,  the  emission  color  is 
green  when  the  Te  atoms  become  clusters.  Hence, 
the  wavelength  of  emission  light  should  have  no 
dependence  on  the  Te  concentration  essentially  if 
we  could  grow  a  sample  in  which  there  exist 
solitary  To  atoms  or  Te  clusters.  For  instance,  if 
the  Te  atom  is  put  at  a  certain  distance  from  the 
other  Te  atoms  in  the  at  plane  and  if  an  isolation 
of  Te  atoms  along  the  c  growth  direction  is 
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secured,  then  the  isoelectronic  traps  due  to  Te, 
atoms  are  formed  even  if  the  distance  between 
Te  atoms  is  short  along  the  z  direction.  It  is 
expected  that  MBE  is  one  of  the  suitable  meth¬ 
ods  to  grow  such  samples.  The  concentration  of 
Te  traps  is  controllable,  which  leads  easily  to 
application  to  devices.  It  is  also  interesting  to 
grow  a  super-structure  of  the  traps  to  increase 
the  emission  efficiency. 

The  aim  of  our  study  is  to  fabricate  the  blue 
light  emission  device  that  acts  at  room  tempera¬ 
ture  by  combining  the  high  emission  efficieney  of 
isoelectronic  traps  with  the  large  binding  energy 
of  excitons  in  superlattices.  In  this  paper,  we 
demonstrate  PL  spectra  due  to  the  traps  in 
MBE-grown  ZnSe-ZnTe  superlattices.  Then,  it  is 
demon.strated  that  the  superlattice,  which  con¬ 
sists  of  multiple  stacking  of  layers  involving  the 
traps  and  ZnTe  of  1  monolayer  (ML),  emits  green 
light  at  room  temperature. 


2.  Experimental  procedure 

ZnSe-ZnTe  SLSs  were  grown  on  GaAs  (l(K)) 
surfaces  by  MBE  at  a  growth  temperature  of 
.f4()°C.  The  beam  pressures  of  the  source  ele¬ 
ments  (6N  super  Zn.  Se  and  Te)  were  7,  7  and 
.s  X  10"'*  Torr.  respectively.  The  background 
pressure  in  the  growth  chamber  was  about  K  x 
10  Torr  during  the  growth.  Under  these  growth 
conditions,  the  growth  rates  of  the  films  were  I 
ML  per  4  s  for  ZnSe  and  1  ML  per  9  s  for  ZnTe. 
The  thickness  of  each  epilayer  which  constructs 
SLSs  was  controlled  by  the  opening  time  of  the 
shutter  of  Sc  and  Te  cells.  Therefore,  in  this 
paper,  the  thickness  under  1  ML  of  ZnTe  means 
the  content  of  Te  atoms  where  the  ZnTe  layer 
should  place.  In  other  words,  the  thickness  of  the 
ZnTe  layer  expresses  the  concentration  of  Te  at 
the  interface  between  the  ZnSe  and  ZnSe  layers. 
The  shutter  of  the  Zn  cell  was  opened  through 
the  growth.  All  the  samples,  except  the  next  one, 
consisted  of  .400  cycles  of  ZnSe /ZnTe  pairs. 

The  sample,  who.se  structure  consisted  of  160 
cycles  of  a  fundamental  layer,  was  grown  to 
demonstrate  a  green  PL  signal  at  rtxtm  tempera¬ 
ture  (RT).  The  fundamental  layer  consisted  of  2 


ML  ZnSe/d/O  ML  ZnTe/2  ML  ZnSe),/l  ML 
ZnTe. 

The  samples  employed  in  this  study  were  grown 
layer  by  layer,  which  was  confirmed  by  RHEED 
patterns  monitored  during  the  growth. 

The  PL  spectra  were  measured  by  using  a 
He-Cd  la.ser  of  4  mW  as  the  excitation  source  in 
the  temperature  range  of  10  K  to  RT. 


3.  Results  and  discussion 

As  stated  above,  it  is  predicted  that  the  thick¬ 
ness  of  ZnSe  in  the  superlattici  s  gives  no  essen¬ 
tial  contribution  to  the  PL  spectra  due  to  the 
traps.  Fig.  1  shows  the  PL  .spectra  as  a  function  of 
the  thickness  of  ZnSe.  The  thicknesses  of  ZnTe 
layers  are  1/9  ML  constant.  These  samples  have 
almost  similar  peak  energies  and  profiles  of  the 
emission  spectra.  The  broad  emission  band 
around  2.64  eV  is  called  the  blue  band.  The  steps 
in  the  high  energy  region  correspond  to  phonon 
structures  of  free  excitons.  The  full  width  at  half 
maximum  (FWHM)  has  a  tendency  to  increase 
with  decreasing  thickness  of  ZnSe  layer.  The 
energy  region  of  this  increasing  part  corresponds 
to  the  green  band  which  is  .shown  in  Fig.  2.  This 
means  that  the  Te  atoms,  which  should  act  as  the 
TC|  trap  when  the  ZnSe  layer  is  thick  enough, 
make  Te„  (n  >  1)  traps  together  with  the  Te 
atoms  in  the  next  ZnTe  layer  through  a  kind  of 
brakes  (holes)  of  thin  ZnSe  layer. 


ZnTe  1;9ML 
ZnSe;  x  ML 

x  =  6  4  .  -y 
• 

X  =  5  4  .  / 


V 


X  ^  8/4 
X  =  9'4 


22  23 


2,4  2  5  2.6  2  7  2.8 

PHOTON  ENERGY  (eV) 


Fig.  I.  PL  spectra  of  1/9  ML  ZnTe  samples  with  various 
ZnSc  thicknesses  at  10  K. 
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Fig.  2  shows  the  PL  spectra  of  the  samples  that 
have  a  constant  thickne.ss  of  ZnTe  of  2/9  ML. 
The  broad  band  around  2.47  eV  is  called  the 
green  band.  The  blue  band  increases  with  in¬ 
creasing  thickness  of  ZnSe  layer.  The  reason  of 
the  increase  of  the  blue  band  is  that  the  Te 
atoms,  which  construct  Te  clusters  through  the 
brakes  of  ZnSe  layers,  are  isolated  from  each 
other  as  the  thickness  of  the  ZnSe  layer  in¬ 
creases. 

These  facts  mean  that  the  emission  profile  is 
determined  by  the  amount  of  Te  in  the  respective 
portion  where  the  ZnTe  layer  should  be  placed 
when  the  thickness  of  the  ZnSe  layers  is  over  2 
ML.  In  other  words,  the  emission  spectra  arc 
independent  of  the  thicknesses  of  the  ZnSe  layer 
when  its  thicknesses  are  over  2  ML,  which  is 
enough  thickness  without  brake. 

The  spectra  shown  in  Figs.  1  and  2  are  quite 
similar  to  those  of  ZnSeTe  mixed  crystals  [5]  with 
0.5  and  5  Te,  respectively.  In  the  mixed 
crystal  with  (),5'T  Te,  which  indicates  the  blue 
band  emission,  the  average  distance  between  Te 
atoms  is  about  20  A,  The  MBE  grown  sample 
which  consists  of,  for  example,  1/9  ML  ZnTe 
and  2  ML  ZnSe  has  a  Te  content  of  about  5Tr.  In 
this  sample  the  distance  between  Te  atoms  is 
about  12  A  along  the  growth  plane.  In  the  cases 
of  green-band  emitting  mixed-crystal  and  epi- 
laycr.  the  distances  arc  about  10  and  8  A,  respec¬ 
tively.  Although  the  whole  content  of  Te  in  the 
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Fig.  2.  PL  spectra  of  2/9  ML  ZnTe  samples  with  various 
ZnSe  thicknesses  at  10  K.  As  the  thickness  of  the  ZnSe  layers 
increases,  the  blue  band  appears  by  the  reciwering  of  brakes 
in  ZnSe  layers. 
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Fig.  3.  Temperature  dependence  of  the  intensity  of  blue  and 
green  bands.  The  thermal  binding  energies  for  the  blue  and 
green  bands  are  about  bO  and  170  meV.  respectively. 


MBE  grown  samples  is  very  high  and  the  distance 
is  short  compared  with  the  mixed  crystal,  the 
blue-  and  green-band  emitting  epilayers  are  grown 
by  MBE  with  well  distinction.  This  shows  high 
controllability  of  MBE  and  also  that  we  can  fabri¬ 
cate  quantum  dots  easily  by  MBE. 

The  temperature  dependence  of  the  intensity 
of  blue  and  green  bands  indicates  an  activation 
type  as  shown  in  Fig.  .■?.  As  the  temperature 
increases,  the  emission  intensity  of  the  blue  band 
decays  from  .^0  K  with  thermal  binding  energy  of 
about  M)  meV  and  that  of  the  green  band  starts 
decaying  from  100  K  with  a  binding  energy  of  170 
meV.  In  the  temperature  dependence  of  the  blue 
band,  a  free-exciton-like  peak  at  2.78  eV  and  the 
green  band  appear  with  temperature  increasing 
from  .'^0  to  UK)  K.  These  situations  are  also  quite 
similar  to  the  ca.se  of  ZnSe,  ,Te,  mi.xed  crystals 
[5];  besides,  the  behavior  is  explained  well  by  a 
configuration  coordinate  model  [,’^-5].  We  con¬ 
firm  that  the  blue  and  green  bands  originate  from 
Te  atom  and  Te  clu.ster  isoeicctronic  traps,  re¬ 
spectively. 

Since  the  emission  profile  depends  only  on  the 
thickness  of  ZnTe,  we  can  tune  systematically  the 
wavelength  of  emission  light  by  control  of  the 
ZnTe  thickness  even  under  the  constant  ZnSe 
thickness.  Fig.  4  shows  the  PL  spectra  as  a  func- 
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tion  of  ZnTe  thickness  under  a  constant  ZnSe 
thickness  of  2  ML.  The  sample  of  1  /9  ML  ZnTe 
has  the  blue  band  with  weak  green  band  due  to 
Te  clusters  constructed  from  locally  concentrated 
Te  atoms  and/or  through  the  brake  of  ZnSe 
layer.  The  sample  of  2/9  ML  ZnTe  has  the  green 
band  with  weak  blue  band  due  to  isolated  Te 
atoms.  The  sample  with  3/9  ML  ZnTe  indicates 
only  green  band  emission.  When  the  thickness  of 
ZnTe  is  5/9  ML,  the  spectrum  consists  of  a 
green  band  and  a  broad  peak  at  about  2.4  eV 
which  is  of  the  superlattice  sample  of  1  ML 
ZnTe.  The  peak  energy  of  the  sample  with  1  ML 
ZnTe  agrees  with  that  of  the  ZnSe-ZnTe  (17-3 
A)  superlattice  [6].  This  means  that,  when  the 
thickness  of  ZnTe  is  over  1  ML,  the  sample 
indicates  optical  properties  of  the  superlattice 
with  multi-quantum  wells  (MQWs).  Thus  we  can 
tune  easily  the  energy  of  emission  light  from 
about  2.7  to  1.8  eV  [6]  assorting  the  ultra-thin 
SLSs  and  MQWs  grown  by  MBE. 

In  all  cases  of  the  superstructures,  the  emis¬ 
sion  intensity  is  quite  high  compared  with  that  of 
1 2  of  the  usual  MBE-ZnSe.  Considering  the  char¬ 
acter  of  the  ultra-thin  SLSs  as  described  above, 
we  can  grow  a  sample  which  indicates  PL  emis¬ 
sion  in  the  green-blue  region  at  RT  by  special 
design  for  its  structure.  Fig.  5  shows  the  PL 
emission  profile  at  RT.  The  structure  of  the  SLS 
is  illustrated  in  Fig.  5.  The  thermal  binding  en¬ 
ergy  of  this  emission  band  is  about  250  meV.  As 


ZnSe  thickness:  2  ML 
ZnTe  thickness:  x  ML 

5 

.o 

■  /■  <■.. 

S 

> 

h- 

V-  1 

co 

z 

LU 

A—  1 

/x=5y 

K 

2 

f 

/ 

_J 

Q. 

/ 

/ 

y'  x=3/9 

*=1/9 


x=2/9 


22  2.3  24  25  26  2.7 

PHOTON  ENERGY  (eV) 


28 


Fig.  4.  PI.  spectra  i»f  2  ML  ZnSe  samples  with  various  ZnTe 
layer  thicknesses  at  10  K.  The  photon  energy  of  the  emission 
band  is  tuned  systematically  by  changing  the  ZnTe  thickness. 
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Fig.  5.  PL  spectra  of  the  specially  designed  sample  at  RT.  The 
sample  consists  of  16()  periods  of  fundamental  layer  whose 
structure  is  ( I  ML  ZnTe)/(2  ML  ZnSe)/(I/9  ML  ZnTe)/(2 
ML  ZnSe)/(l/9  ML  ZnTe)/(2  ML  ZnSe).  as  drawn  schemat¬ 
ically.  Te  atoms  are  distributed  in  a  6  ML  ZnSe  layer  sand¬ 
wiched  by  1  ML  ZnTe  layers. 


shown  in  Fig.  5.  the  peak  energy  of  the  emission 
band  at  RT  is  about  2.3  eV.  At  low  temperature 
(10  K).  this  peak  energy  is  about  2.34  eV.  This 
value  agrees  with  that  of  a  ZnSe-ZnTe  (15-5  A) 
superlattice  [6]  whose  structure  is  interpreted  as 
an  SLS  without  the  quantum  dots  of  Te  atoms. 
Flowever.  in  the  case  of  the  superlattice,  the 
thermal  binding  energy  of  the  emission  was  about 
160  meV  and  no  emission  structure  could  be 
detected  above  250  K  using  our  experimental 
system.  It  is  considered  that  the  special  structure 
involving  isoelectronic  traps  brings  forth  the 
emission  at  RT. 

To  conclude,  it  has  been  cleared  that  the 
thickne.ss  of  the  ZnTe  layer  determines  the  char¬ 
acter  of  the  PL  emission  in  a  ZnSe-ZnTe  SLS 
system.  PL  of  the  samples  with  ZnTe  of  1/9,  3/9 
and  1  ML  is  mainly  due  to  isoelectronic  traps  of 
Te  atoms  (peak  at  2.64  eV:  blue  band),  to  those 
of  Te  clusters  (2.48  eV:  green  band),  and  to  the 
recombination  of  electron-hole  pairs  in  the  su¬ 
perlattice  (2.36  eV),  respectively,  at  10  K.  Our 
results  with  respect  to  temperature  dependence 
of  the  emission  due  to  the  isoelectronic  traps 
support  the  configuration  coordinate  model  in 
refs.  [3-5].  The  PL  spectrum  of  the  sample  with 
2/9  ML  ZnTe  consists  of  a  superposition  of  both 
types  of  the  traps.  The  spectrum  of  the  5/9 
sample  agrees  with  the  superposition  of  emis.sions 
due  to  Te  cluster  and  to  the  superlattice.  Thus, 
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we  can  achieve  easily  the  control  of  the  type  of 
traps  by  MBE. 

The  emission  efficiency  increases  in  conse¬ 
quence  of  the  design  of  SLS  structure  combined 
with  the  isoelectronic  traps.  We  can  see  by  the 
naked  eye  a  bright  green  spot  on  the  surface  of 
the  specially  designed  SLS  sample  al  RT  using  a 
4  mW  He-Cd  laser  as  the  excitation  source.  Thus 
it  is  cleared  that  the  emission  efficiency  of  SLSs 
can  be  improved  by  a  structural  design. 
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Abstract 

We  have  fabricated  optically  active  semiconductor  wires  based  on  CdTe/CdMgTe  quantum  well  structures  by 
electron  beam  lithography  and  wet  chemical  etching.  Wire  widths  between  5  and  40  nm  have  been  achieved.  The 
wires  have  been  characterized  by  photolumincscence  spectroscopy.  Down  to  about  .3(K)  nm.  no  significani  decrease  of 
the  photolumincscence  intensity  is  observed  at  5  K.  In  narrower  wires,  free  excitons  can  diffuse  to  the  open  wire 
surface  and  recombine  nonradiatively  thereby  causing  a  reduction  of  the  quantum  efficiency.  Increasing  the 
temperature  up  to  100  K  causes  a  larger  diffusion  length  of  free  excitons  which  leads  to  a  reduction  of  the  quantum 
efficiency  in  small  wires.  Bound  excitons.  which  cannot  diffuse  towards  the  wire  surface,  show  significantly  higher 
luminescence  efficiency  in  narrow  wires  compared  to  free  excitons. 


The  fabrication  and  investigation  of  nanostruc¬ 
tures  have  been  major  topics  of  semiconductor 
physics  in  recent  years.  On  the  one  hand,  this 
research  was  stimulated  by  the  prospect  of  mi- 
erostruetured  devices,  such  as  quantum  wire 
lasers.  On  the  other  hand,  quasi-one-  and  zero- 
dimensional  structures  have  been  developed  in 
order  to  study  the  physical  properties  of  low 
dimensional  electronic  systems.  Most  of  the  work 
so  far  has  been  done  on  lll-V  semiconductors. 
Several  methods  have  been  developed  for  these 
materials  to  produce  nanostructures,  including 
self-organized  growth,  growth  in  V-grcxives  and 
mask  definition  by  lithography  with  subsequent 
dry  or  wet  chemical  etching  step  [1,2].  Of  the 
latter,  wet  chemical  etching  has  been  shown  to 
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yield  less  fabrication  induced  defects  as  com¬ 
pared  to  dry  etching.  This  leads  to  a  better  lumi- 
ncsecnee  efficiency  in  small  structures  [,3]. 

In  recent  years  epitaxial  growth  techniques 
have  been  increasingly  applied  to  II-VI  materi¬ 
als.  This  has  resulted  in  new  II-VI  ba.sed  opto¬ 
electronic  applications,  especially  the  blue-green 
laser  based  on  ZnSe  and  ZnTe  [4-(i].  However, 
at  the  present  time  there  are  only  few  reports  on 
the  fabrication  of  nanostructures  on  11-Vl  semi¬ 
conductors,  all  of  which,  to  our  knowledge,  have 
been  produced  by  dry  etching  techniques  [7,8]. 

In  this  paper  we  rcptvrt  about  the  fabrication 
of  wire  structures  by  wet  chemical  etching.  The 
wires  reported  here  are  based  on  CdTe/CdMgTe 
hcterostructurcs,  a  novel  wide-gap  material  sys¬ 
tem,  which  covers  the  whole  visible  range  (from 
1.6  to  .^.2  cV  gap  energy)  [9].  To  process  this 
material  we  chose  a  wet  etching  technique  to 
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avoid  the  formation  of  an  optically  inactive  sur¬ 
face  layer  (dead  layer).  The  wires  produced  have 
a  geometrical  width  down  to  40  nm  as  deter¬ 
mined  from  SEM  micrographs.  Optically  active 
wires  down  to  60  nm  have  been  investigated  by 
photoluminescence  spectroscopy.  Exciton  diffu¬ 
sion  to  the  sidewalls  and  nonradiative  recombina¬ 
tion  at  surface  states  is  found  to  determine  the 
luminescence  efficiency  in  small  wires.  This  is 
confirmed  by  the  comparison  of  the  wire  width 
dependence  of  bound  and  free  exciton  lumines¬ 
cence  and  by  temperature  dependent  investiga¬ 
tions  of  free  exciton  quantum  efficiency.  For  the 
wire  patterning  a  MBE-grown  CdTe/CdMgTe 
quantum  well  structure,  grown  on  a  CdZnTe  sub¬ 
strate  at  a  growth  temperature  of  230°C  is  used. 
The  CdTe  wells  have  a  well  width  between  2.3 
and  8  nm  and  are  embedded  in  Cd,_,Mg,Te 
barriers  (.v  =  0.25-0.5).  The  cap  layer  thickness 
was  between  20  and  50  nm. 

After  a  cleaning  procedure  in  organic  solvents, 
the  samples  are  baked  for  2  h  at  2(K)°C  to  ensure 
a  homogeneous  sample  surface.  The  samples  then 
were  spin-coated  with  negative  resist  (SAL  601). 
The  patterns  have  been  defined  using  a  scanning 
electron  microscope  connected  to  a  pattern  gen¬ 
erator.  After  a  1  min  post-exposure  bake  the 
resist  is  developed  in  MF  322  developer. 

The  patterns  are  transferred  into  the  semicon¬ 
ductor  material  using  a  bromine-ethyleneglycol 
solution.  At  a  ratio  of  2:  1000  this  etchant  has  an 
etch  rate  of  90  nm/min.  The  etchant  has  been 
chosen  because  of  its  reproducible  etch  rate,  in¬ 
dependence  of  the  etch  rate  from  the  Mg  content 
of  the  sample,  and  the  relatively  smooth  surfaces 
it  produces.  Typical  etch  depths  are  in  the  range 
of  70  to  150  nm.  A  typical  pattern  consists  of  wire 
arrays  each  KM)  /xm  by  100  wide.  Within  an 
array  the  wire  width  is  constant.  Wire  widths 
between  5  /xm  and  40  nm  have  been  realized. 
The  area  filling  factor,  i.e.  the  ratio  of  the  area 
covered  by  wires  to  the  total  area  of  the  array, 
was  held  constant  at  1  /8. 

Fig.  I  shows  an  SEM  micrograph  of  a  wire  of 
40  nm  geometrical  width.  The  optically  active 
quantum  well  is  located  20  nm  below  the  top  of 
the  structures.  The  wire  is  well  defined  and  dis¬ 
plays  the  typical  isotropic  etch  profile  of  the 


Fig.  1.  SEM  micrograph  of  a  CdTe/CdMgTe  wire,  with 
«  40  nm.  The  wire  has  been  produced  using  electron 
lithography  and  subsequent  wet  etch  process. 


bromine  etch.  This  isotropic  etch  characteristic 
also  leads  to  considerable  underetching  of  the 
mask.  For  example,  the  40  nm  wires  have  been 
produced  with  a  mask  width  of  100  nm.  From  the 
SEM  micrograph  the  wire  width  fluctuation  due 
to  the  roughness  of  the  substrate  is  estimated  to 
be  5  to  10  nm. 

To  analyze  the  optical  properties  of  the  wires, 
we  performed  photoluminescence  measurements. 
As  excitation  light  source  we  used  the  514.5  and 
363  nm  lines  of  an  argon  ion  laser,  depending  on 
the  barrier  height  of  the  investigated  sample.  Low 
excitation  density  (  <  5  W/cm’)  was  used  to  avoid 
a  saturation  of  defects.  The  photolumincscence 
signal  was  dispersed  oy  a  0.3  m  monochromator 
and  detected  by  a  CCD  camera.  The  experiments 
were  performed  in  a  variable  temperature  dewar 
between  5  and  KM)  K. 

Fig.  2  shows  typical  spectra  of  CdTe/ 
Cdo^Mgii  jTe  wires  for  different  wire  widths.  The 
topmost  spectrum  is  from  a  1(K)  /urn  wide  refer¬ 
ence  mesa  structure.  Due  to  the  small  quantum 
well  width  of  3  nm  the  line  width  of  the  as-grown 
layer  is  about  21  meV.  Clear  luminescence  signals 
can  be  observed  for  wires  as  small  as  60  nm.  For 
each  wire  array  the  geometrical  wire  width  has 
been  determined  from  SEM  micrographs  and  is 
indicated  in  the  figure.  Even  for  narrow  wires  the 
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emission  shows  no  considerable  change  in  line 
shape  and  line  width  as  compared  to  the  refer¬ 
ence  spectrum. 

In  the  inset  of  Fig.  2  the  integrated  lumines¬ 
cence  intensity  is  plotted  versus  the  geometrical 
wire  width.  The  intensity  is  corrected  with  the 
area  filling  factor  and  normalized  to  the  mesa 
structures.  For  wire  widths  greater  than  about 
300  nm,  no  significant  change  in  luminescence 
efficiency  compared  to  a  2D  reference  is  ob¬ 
served.  Further  decreasing  the  wire  width  causes 
a  strong  reduction  of  luminescence  intensity  up 
to  3  orders  of  magnitude.  This  can  be  explained 
by  nonradiative  recombination  of  excitons  at  the 
open  surface  of  the  wires.  The  actual  rate  of 
nonradiative  recombination  is  determined  by  two 


Fig.  2.  l.uminesccncc  spectra  from  CdTc/CdMgTe  wires  it) 
comparison  to  the  emission  spectra  of  a  mesa  structure.  The 
corresponding  wire  widths  are  indicated  in  the  figure.  The 
inset  shows  the  luminescence  inte  nsity  versus  wire  width. 
Nonradiative  recombination  at  tipen  wire  surfaces  leads  to  a 
quenching  of  the  emission  intensity  up  to  .1  orders  of  magni¬ 
tude  for  6(1  nm  wires. 


W'e  W'd:"  1. 

Fig.  .^.  Wire  width  dependence  of  the  luminescence  efficiency 
at  various  temperatures.  The  lines  are  guides  to  the  eyes. 

factors.  The  first  is  the  surface  recombination 
velocity,  which  is  basically  determined  by  the 
material  system  and  the  etch  process  used  [10]. 
The  second  factor  is  the  ability  of  excitons  to 
reach  the  wire  surfaee.  i.e.  the  exciton  diffusion 
length.  A  reduced  diffusion  length  enables  le.ss 
excitons  to  reach  the  surface,  thus  increasing  the 
quantum  efficiency  in  narrow  wires.  We  can  esti¬ 
mate  the  diffusion  length  from  the  onset  of  the 
drop  in  the  luminescence  intensity  shown  in  the 
inset  of  Fig.  2.  In  the  sample  presented  here  the 
diffusion  length  is  of  the  order  of  130  nm.  corre¬ 
sponding  to  half  the  geometrical  wire  width. 

To  confirm  this  idea,  we  have  varied  the  exci¬ 
ton  diffusion  length  by  increasing  the  tempera¬ 
ture.  In  Fig.  3  the  wire  width  dependence  of  the 
luminescence  intensity  is  shown  for  temperatures 
of  T  =  8.  30  and  KM)  K.  F-or  all  temperatures,  a 
reduction  of  the  quantum  efficiency  is  observed 
in  narrow  wires.  However,  while  the  photolumi¬ 
nescence  intensity  at  8  K  remains  nearly  constant 
down  to  a  wire  width  of  3tK)  nm,  the  quenching  of 
the  PL  intensity  at  KM)  K  starts  at  wire  widths  of 
about  2(MM)  nm.  This  can  be  explained  by  the 
increa.sed  diffusion  length  at  high  temperatures 
which  enables  excitons  to  reach  the  wire  surface 
even  in  wide  wires.  From  the  discussion  above  we 
can  estimate  the  diffusion  length  at  30  K  to  be  of 
the  order  of  4(M)  nm.  At  KM)  K  the  diffusion 
length  amounts  to  about  KMM)  nm. 
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Fiii.  4  Spcclrii  ot  Jittcrcni  (\i'rc,  (  dMgTc  quantum  well 
wires  auisisting  ot  a  free  exciton  (\l.  donor  bound  cxilon 
U)"\)and  two  litferen!  aaepior  related  <A.\.  A'X^'xeiions. 
The  inset  shows  the  ratio  of  donor  hound  exeiton  lumines- 
eenee  inieitsitv  to  tree  exeiton  luminescence  intensitv  versus 
w .  width. 


In  additiim  to  the  ca^c  iit  the  tree  exeiton 
ciiseussed  above,  we  have  studied  the  wire  width 
dependenee  of  the  quantum  effieieney  for  the 
extreme  ease  of  bound  exeitons  where  diffusion 
should  be  suppres.sed.  To  verify  this  assumption 
we  patterned  a  quantum  well  sample  ( /,.  =  S  nm) 
that  featured  a  system  of  four  different  emission 
lines.  The  speetra  from  this  sample  are  shown  in 
t-'ig.  4  for  different  wire  widths  in  eomparison  to 
the  emission  of  a  mesa  referenee.  Temperature 
and  excitation  density  dependent  measurements 
let  us  identify  the  high  energy  line  as  free  e.xei- 
tonie  emission  (X)  while  the  others  are  most 
likely  related  to  a  donor  (13"X)  and  to  aeeeptor 
hound  exeitons  (AX.  A'X).  The  differenee  in 
behavior  between  free  and  bound  exeitons  in 
wires  is  most  easily  seen  when  comparing  the  free 
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exeiton  peak  with  the  donor  bound  exeiton  peak 
(indicated  by  arrows  in  the  figure).  For  the  mesa 
reference,  the  free  exeiton  emission  dominates 
the  PL  spectrum.  This  changes  when  the  wire 
width  is  reduced.  While  the  free  exeiton  lumines¬ 
cence  is  quenched  strongly,  the  bound  exeiton 
luminescence  decreases  only  slightly  with  de¬ 
creasing  wire  width  and  becomes  the  dominant 
part  of  the  emi.ssion  spectrum  for  wire  widths 
below  600  nm. 

The  inset  m  Fig.  4  shows  the  ratio  of  intensi¬ 
ties  of  the  donor-bo- ind  exeiton  and  the  free 
exeiton  for  wire  widths  between  KHK)  and  1(K)  nm. 
We  observe  an  increase  of  the  ratio  from  about 
0.7  to  .S  when  reducing  the  wire  width  from  1(M)0 
to  100  nm.  This  bcha  a.r  can  be  understood 
qualitatively  by  considering  the  influence  of  the 
exeiton  diffusion  length  on  quantum  effieieney. 
At  small  wire  widths,  free  exeitons  can  diffuse 
toward  the  surfaee  and  recombine  nonradiatively. 
In  contrast,  bound  exeitons  cannot  move  freely  to 
the  sidewalls  of  the  wire.  Therefore  the  nonrtidia- 
tive  recombination  at  the  wire  surface  should  he 
suppressed  and  the  emission  intensity  is  not  ex¬ 
pected  to  be  reduced  significantly  with  decreasing 
wire  width.  The  small  variation  of  the  bound 
e.xeiton  intensity  observed  in  our  experiments  is 
due  to  the  .  .t  that  one  exeiton  type  must  be 
regarded  as  part  of  a  system  of  four  interacting 
exeiton  states.  Bound  exeitons  can  be  thermally 
excited  into  free  exeiton  states.  Thus  the  thermal 
equilibrium  between  both  types  of  exeitons  causes 
a  quenching  even  for  bound  exeitons  when  reduc¬ 
ing  the  wire  width. 

In  summary,  we  have  fabricated  optically  ac¬ 
tive  wires  starting  from  Cd  Te/C'dMgTe  quantum 
wells  by  electron  beam  lithography  and  subse¬ 
quent  wet  etching  step.  We  obtained  wires  frori  .> 
^xm  down  to  40  nm  in  lateral  size,  l.umineseenee 
signals  could  be  observed  for  wires  as  small  as  60 
nm.  The  lineshape  of  the  emission  spectrum  re¬ 
mains  constant  even  for  narrow  wires  revealing 
no  structural  damage  induced  by  the  fabrication 
proee.ss.  The  luminescence  intensity  is  reduced  by 
3  orders  of  magnitude  when  the  wire  width  is 
reduced  down  to  60  nm.  The  eomparison  of  the 
wire  width  dependenee  of  the  luminescence  for 
different  temperatures  as  well  as  a  eomparison  of 
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the  quantum  ctYiciency  for  free  and  bound  exci- 
tons  indicates  that  amhipolar  diffusion  to  the 
wire  surface  and  nonradialive  recombination  at 
the  lateral  surface  is  the  dominant  factor  for  the 
quenching  of  luminescence  intensity  with  de¬ 
creasing  wire  width. 
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Structural  characteristics  and  higher-order  zone-folded  phonon 
modes  in  ZnSe-ZnS  strained-layer  superlattices 

Aishi  Yamamoto  *,  Yoshihiko  Kanemilsu.  Yasuaki  Masumoto 

ItiMiliili’  III  l'ln  Mc\.  riiiri  r\ii\  of  l\iikiihii,  I'Mikiihii.  Ilnirnki  Ml?.  Jiiiuin 


Abslracl 

Wo  have  observed  hi^iher-order  (up  lo  the  5tli  order)  /one-folded  phonon  mode-,  in  7-nSe-7.nS  strained-laver 
superlatliees  by  means  of  Raman  seatiering  speetroseopy.  The  structural  eharaeteri/alions  ol  both  the  nueluation  ol 
the  periodieilv  and  the  roughness  of  the  inlerfaee  were  obtained  from  the  imtiges  of  the  transmission  eleelron 
mieroseopy.  The  Raman  spectrum  of  the  /one-folded  modes  is  well  esplained  bv  the  theoretical  calculation  which 
lakes  aeeouni  of  the  two  structural  eharaelerislies.  Furthermore,  we  found  that  the  strain  vtoes  not  play  a  dominant 
role  in  the  Raman  spectrum  of  the  /one-folded  modes. 


Ramtin  spectroscopy  is  a  very  useful  tovil  to 
study  lattice  dynamics  in  semiconductor  low-di¬ 
mensional  structures  as  well  as  bulk  semiconduc¬ 
tors.  In  the  ctise  of  superlattices,  new  behavior  of 
phonons  sueh  as  zone-folding  of  acoustic  phonons 
and  confinement  of  optical  phonons,  has  been 
studied  extensively  [1).  The  Raman  signal  is  sensi¬ 
tive  to  the  periodicity,  the  roughness  of  the  inter¬ 
face  and  the  stress.  Most  of  the  ll-VI  semicon¬ 
ductor  superhittices  have  a  biaxial  stress  at  the 
heterojunction  interface  due  to  the  lattice  mis¬ 
match.  For  extimple.  stress-induced  peak  shifts  of 
optical  phonons  were  observed  in  strained-layer 
superhittices  (SLSs)  [2].  The  spectra  of  zone- 
folded  acoustic  phonons  were  brotid  and  up  to 
the  third  order  modes  were  observed  [.^1.  One 
spccuhitcs  thill  the  hiltice  mismatch  niiikcs  it 


*  (  nrrcspntuling  iuithor. 


difficult  tt>  establish  high-quality  epitaxial  htyers 
and  lo  observe  zone-folded  modes. 

The  stress  comes  from  two  types  of  lattice 
mismatch.  which  exists  between  SLSs  and  a  sub- 
striite.  and  between  the  alternate  layers  in  the 
.SLSs.  In  order  to  reduce  the  stress  between  SLSs 
and  the  substrate,  we  have  used  ZnSe-ZnS  Sl.Ss 
whose  average  lattice  constiint  [4]  is  equiil  lo  ihiit 
of  a  GiiAs  substrate.  As  a  result,  we  were  able  to 
observe  up  to  the  .sth  order  doublet  phonon 
modes.  The  structuriil  characterization  of  both 
the  lluctuation  of  the  periodicity  and  the  rough¬ 
ness  of  the  interface  was  obtained  from  the  im¬ 
ages  of  the  transmission  electron  microscopy 
(TLM).  A  model  calculation  based  on  the  trans¬ 
mission  electron  microscopy  (  LLM)  data  repro¬ 
duced  well  the  zone-folded  spectrum.  I  was  found 
that  the  Raman  spectrum  reflects  dominantly  both 
the  periodicity  of  the  superhittices  iiiul  the  rough¬ 
ness  of  the  interface  rather  than  the  stress. 
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Fiji.  1.  P()lari/u{u>n  dependence  (d  Raman  speclra  of  zemc- 
folded  modes.  All  the  zone-folded  modes  are  allowed  only  in 
c(  i.  \ )'  confi^zuration.  where  x  and  v  denote  the  polariza¬ 
tion  of  the  incident  and  scattered  light  (\  IKIIKI),  ylKtHO)!. 


The  sample  used  in  this  work  was  ZnSe-ZnS 
SLSs  grown  by  metalorganie  molecular  beam  epi¬ 
taxy  (MOMBH)  on  a  (100)  GaAs  substrate  [4]. 
The  designed  thicknesses  of  ZnSe  and  ZnS  layers 
were  200  and  10  A.  respectively.  The  average 
lattice  constant  of  the  SLSs  was  equal  to  the 
OaAs  substrate  in  order  to  reduce  the  stress 
between  the  SLSs  and  the  substrate.  Raman  scat¬ 
tering  experiments  were  performed  at  room  tem¬ 
perature  with  the  4.^70  A  line  of  an  Ar  ion  laser 
in  a  quasi-backscattering  configuration.  Raman 
spectra  were  obtained  by  a  double  monochroma¬ 
tor  (Spex  140.7)  with  a  photomultiplier. 

I'ig.  I  shows  the  polarization  dependence  of 
the  Raman  spectra.  The  sample  was  kept  in  vac¬ 
uum  to  avoid  scattering  from  the  air.  Several 
peaks  were  observed  assigned  to  be  the  zone- 
folded  longitudinal  acoustic  (LA)  modes.  Fig.  I 
shows  that  all  the  zone-folded  modes  are  allowed 
in  ;(.v,  ,v)f  configuration  and  arc  hrrbidden  in 
c(.v.  \)z  configuration,  where  .v  and  y  denote 
the  polarization  of  the  incident  and  scattered 
light  (.V  II  <  1(10),  y  II  (OKI)).  However,  theoretical 
group  analysis  predicts  that  the  lower  energy 
mode  of  the  doublet  is  allowed  only  in  c(.v,  .v)f 
configuration,  whereas  the  higher  energy  mode  is 
allowed  only  in  c(  .t  ,  y)f  configuration.  The  same 
results  were  obtained  in  GaAs-GaAIAs  superlat- 
lices  (.s|.  Jusserand  et  al.  [.'ll  attributed  the  break¬ 
ing  of  the  selection  rules  to  the  fact  that  the 
non-zone-center  phonons  display  other  symmetry. 


Fig.  2a  shows  the  spectrum  where  the  back¬ 
ground  was  subtracted  from  the  spectrum  of  Fig. 
1.  The  background  has  probably  originated  from 
Rayleigh  scattering  and  single  particle  excitations 
[6].  Fig.  2a  shows  zone-folded  doublet  modes  up 
to  the  5th  order. 

In  the  continuum  limit,  a  phonon  dispersion  is 
given  by  the  conventional  Rytov  model  [7].  It  is 
written  by 


cos(  qd )  =  cos 


(x>d^ 

COS 

cod,] 

1  + 

.  'h  , 

r> 

2k: 
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cod,  \ 

Sin 

'/  1 

where  lo  and  q  are  the  phonon  frequency  and  the 
superlattice  wavevector.  r,  and  r.  the  sound 
velocities  of  ZnSe  and  ZnS.  </,  and  </.  the  thick¬ 
nesses  of  the  two  constituting  layers  and  d  the 
period  of  the  SLSs  defined  by  d-d^  -rt/..  The 
coefficient  k  is  defined  by  k  =  /'|P|//  ,p,.  where 
Pi  and  p,  the  ZnSe  and  ZnS  densities,  re¬ 
spectively.  The  inset  of  Fig.  2a  shows  the  phonon 
dispersion  calculated  by  using  Kq.  ( I ).  We  have 
used  the  values  /  ,  =  4.054  x  10'  cm/s  and  = 


I _ .J _ . _ 1 _ I _ I _ a _ 1— 

0  20  40 

RAMAN  SHIFT  (cm  ’) 


Fit*.  2.  Obsersed  (a)  and  calculated  (b)  Raman  spectra  oi 
/onc-lolded  minles.  The  arrows  show  the  peak  positions  of 
the  fifth-order  tolded  minles.  Inset  is  phonon  dispersion  using 
conventional  Rytov  model,  where  is  the  /one-edge 

wavevector  tt  /  <1  and  </  is  the  superlattice  period. 
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5.266  g/cm'  for  ZnSe,  and  c,  =  5.047  X  10^  cm/s 
and  ().  =  4.086  g/cm'  for  ZnS  [8).  The  solid 
circles  in  the  inset  are  observed  peak  frequencies 
of  the  zone-folded  modes.  When  the  thicknesses 

o 

(/,  and  d.  are  designed  values,  2(K)  and  10  A,  the 
calculated  peak  energies  do  not  agree  well  with 
the  observed  ones.  The  period,  d,  was  estimated 
to  be  205  A  from  the  X-ray  diffraction  experi¬ 
ment  [4],  although  the  constituting  layer  thick¬ 
nesses,  d,  and  t/,,  were  not  obtained  exactly. 
Therefore,  we  fixed  d  to  be  205  A,  and  varied  d^ 
and  d,  to  fit  all  of  the  observed  frequencies  of 
the  zone-folded  modes.  The  fitted  values  of  d^ 
and  d-,  were  198  and  7  A,  respectively.  These 
values  were  used  to  calculate  the  dispersion  shown 
in  the  inset  of  Fig.  2a.  The  calculation  fils  the 
experimental  data  satisfactorily. 

So  far.  zone-folded  modes  were  observed  in 
ZnTe-ZnSe  [.T9]  and  InAs-AlAs  [10]  SLSs.  It 
was  suggested  that  the  observed  peak  energies  of 
the  folded  modes  do  not  completely  agree  with 
the  calculated  ones.  This  discrepancy  was  be¬ 
lieved  to  have  originated  from  the  strain  between 
the  alternate  layers.  Rccio  et  al.  [10]  considered 
the  effect  of  the  strain  on  the  sound  velocities 
deduced  from  the  stress-induced  peak  shifts  of 
LO-Raman  modes  and  Gruneisen  constants.  We 
tried  to  include  the  stress  effect  on  the  sound 
velocities  using  their  method.  However,  all  the 
estimated  peak  energies  were  larger  than  the 
observed  ones  by  '•0.2  cm  '.  The  calculation 
does  not  fit  the  experimental  data  better  than  the 
stress-free  calculation.  Furthermore,  it  was  found 
that  the  changing  of  the  thicknesses  by  a  few 
Sng.striims  induces  the  peak  .shift  of  the  folded 
modes  more  than  the  stress. 

F'ig.  .5a  shows  high-resolution  TEM  image  of 
our  sample.  We  also  took  a  low-resolution  TEM 
image  which  shows  good  periodicity  of  the  each 
layer  [11].  However,  a  large  fluctuation  exists 
near  the  interface,  as  shown  in  Fig.  2a.  Fig.  2b 
shows  the  histogram  of  the  lattice  points  of  ZnS. 
We  obtained  each  data  point  in  the  histogram  by 
counting  the  lattice  points  of  ZnS  along  the 
straight  arrays  of  lattice  points  parallel  to  the 
interface  plane.  The  full  width  at  half  maximum 
(FWHM)  of  the  histogram  is  about  4  layers  and  it 
is  a  little  larger  than  the  fitted  value  for  the 


Fig.  .t.  (a)  Migh-rcsolution  TEM  Image  of  ZnSe-ZnS  Sl.Ss.  (hi 
Histogram  of  the  lattice  points  of  ZnS.  We  obtained  each  data 
point  in  the  histogram  by  counting  the  lattice  points  of  ZnS 
along  the  straight  arrays  of  lattice  points  parallel  to  the 
interface  plane.  The  solid  line  is  a  guide  to  the  eye.  (c) 
Photoclastic  coefficient  Piz  I  deduced  from  the  TEM  images. 
The  intersals  between  the  peak  points  are  shown  in  the 
figure,  showing  the  nucluation  of  the  periodicity.  Marker  m 
(a)  represents  III  nm. 


thickness  of  the  ZnS  layer.  7  A.  The  position  at 
the  center  of  the  ZnS  layers  fluctuated.  There¬ 
fore  the  FWHM  of  the  histogram  is  larger  than 
the  thickness  of  the  ZnS  layer. 

The  intensity  of  Raman  .scattering  from  the 
folded  LA  modes  can  be  calculated  theoretically 
by  a  photoelastic  model,  where  the  superlattices 
have  bulk  photoelastic  coefficients  F,  and  l\ 
[12].  The  photoclastic  model  has  been  used  previ¬ 
ously  to  predict  the  intensity  of  the  folded  modes 
[1.5]  and  to  characterize  the  periodicity  and  the 
roughness  of  the  interface  [14]  in  GaAs-GaAIAs 
superlattices.  According  to  this  model,  the  mtxlu- 
lation  of  photoelastic  coefficient,  F(r).  along  the 
growth  direction  r  reflects  the  modulation  in  the 
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structure  of  the  SLSs.  The  wth  order  folded 
modes  at  tu„,  =  i2/M7r/r/  ±  q  \  t  has  intensity 

1)I<3,J^  (-) 

where  n„,  is  the  Bose  factor,  is  sound  velocity 
of  superlattices  defined  through  ~  ^A/'  i 

+  d./r.,  and  (>„,  is  the  wth  order  Fourier  com¬ 
ponent  of  P(z).  It  is  noted  that  we  do  not  need 
the  absolute  values  of  F,  and  F,,  but  need  only 
the  lineshape  of  P(z)  in  order  to  calculate  the 
intensity  of  Raman  spectrum. 

When  P(z)  is  a.ssumed  to  be  a  square-wave 
function,  in  an  ideal  case,  the  higher  order  Fourier 
component  decreases  very  slowly.  This  means 
that  the  higher  order  /„,  decreases  very  slowly. 
-Since  the  square-wave  assumption  cannot  repro¬ 
duce  our  spectrum  at  all,  we  took  account  of  the 
fluctuation  of  the  periodicity  and  the  interface 
roughness  using  the  TEM  data.  The  roughness  of 
the  interface  was  directly  deduced  from  the  dis¬ 
tribution  of  ZnS  layers  as  shown  in  Fig.  .^b.  The 
lluctuation  t)f  the  periodicity  was  deduced  from 
two-dimensional  densitometric  data  of  the  low- 
resolution  TEM  image.  Thus  the  profile  of  Piz) 
was  obtained  by  taking  account  »>f  the  fluctuation 
of  the  periodicity  and  the  roughness  of  the  inter¬ 
face.  Fig.  ?ic  shows  the  obtained  profile  of  P(z). 
The  intervals  between  the  peaks,  i.c.,  the  fluctua¬ 
tion  of  the  periodicity,  are  shown  in  Fig.  ,^c.  By 
using  Eq.  (2).  the  Raman  spectrum  of  zone-folded 
modes  was  calculated,  as  shown  in  Fig.  2b.  The 
Raman  spectrum  reproduces  the  experimental 
data  in  the  following  two  essential  points:  the 
higher  order  modes  becomes  wider  and  more 
than  6th  ttrder  modes  reduce  their  height  obvi¬ 
ously.  In  this  calculation,  we  have  assumed  that 
the  roughness  of  all  layer  interfaces  is  the  same, 
if  the  roughness  of  all  layer  interfaces  is  taken 
into  account,  the  intensity  of  the  higher  order 
zone-folded  modes  decreases  more  and  the  model 
calculation  reproduces  the  Raman  spectrum  more 
precisely. 

In  conclusion,  we  have  observed  higher  order 
(up  to  the  -Sth  order)  zone-folded  phonon  modes 
in  ZnSe-ZnS  strained-layer  superlattices  by 
means  of  Raman  scattering.  We  were  able  to 
reproduce  our  zonc-h)ldcd  spectrum  using  TEM 
data  and  a  photoelastic  model.  Fhe  agreement 


between  our  calculation  and  the  measurement 
shows  that  the  Raman  spectrum  reflects  domi¬ 
nantly  the  periodicity  of  the  supcriattices  and  the 
roughness  of  the  interface. 
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Abstract 

In  this  paper,  wo  report  the  I'irst  observation  of  a  Il-VI  symmetric  sell'-electro-opiic  device  (SEfiD)  operating  as 
an  optical  switch  at  a  wavelength  of  4,SS  nni  at  room  temperature.  Ouantiim  confined  Stark  effect  modulators  based 
on  ZnSe/ZnCdSe  p-i-n  structures  were  fabricated  by  molecular  beam  epitaxy  and  used  in  the  symmetric  mode 
where  one  modulator  was  used  to  bias  a  second  modulator  which  showed  bistable  transmission  characteristics  ,.iih  a 
contrast  ratio  of  I..S:  I  between  the  high  and  low  transmission  states. 


I.  Introduction 

A  new  generation  of  Il-VI  semiconJuclor  de¬ 
vices,  both  lasers  [1-4]  and  modulators  [5],  are 
being  developed  for  use  in  visible  opto-clectronic 
systems.  The  important  role  of  such  structures 
can  be  found  in  optieal  switching  prtKcsscs  using 
the  self-eiectro-optic  effect  device,  or  SKHD. 
Whilst  such  devices  are  already  firmly  established 
in  lll-V  materials,  until  recently  they  had  nt)t 
been  demonstrated  for  the  blue-green  spectral 
region,  hollowing  work  previously  published  on 
the  development  of  the  diode  SEHD  (I)- .SHED) 
[b]  we  now  demonstrate  the  SEED  in  its  symmet¬ 
ric  form  (S-SEED). 

Multiple  quantum  well  (MOW)  p-i-n  struc¬ 
tures  were  grown  by  molecular  beam  epitaxy 
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(MBE)  and  used  the  quantum  confined  Stark 
effect  lOCSE)  to  change  the  absorption  acrirss 
the  junction  region  with  applied  bias.  The  inher¬ 
ently  strong  e.xcitonic  nature  of  this  structure, 
resulting  from  quantum  well  confinement  (i.e.  a 
binding  energy  greater  than  k  T  at  room  tempera¬ 
ture),  provides  a  contrast  similar  to  that  of  III-V 
devices. 

SEED  slructures  use  the  large  changes  in  ab¬ 
sorption  [7],  produeed  by  the  internal  electric 
field  when  the  deviee  is  reverse  biased,  as  a  basis 
for  bistable  optical  switching.  Iwo  transmission 
states  are  seen  when  the  device  is  activated  by  an 
optical  control  signal,  or  via  electronic  circuits 
built  into  each  pi.xel  in  more  complicated  devices. 
The  S-SEED  combines  two  of  the  p-i-n  modula¬ 
tor  struciures  in  a  scries  configuration,  thus  re¬ 
moving  the  requiren  it  for  a  resistive  load  found 
in  simpler  devices.  .  'r  further  reference.  Miller 
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f.S]  Ikis  rcvicweJ  tlu'  structure  and  its  npcr- 

ation  in  detail. 

Optical  hislability  (caused  by  thermal  effects 
[‘J,  10])  has  been  known  in  bulk  ZnSe  for  some 
time,  but  only  the  recent  advent  of  p-doping  has 
allowed  fabrication  of  p-i-n  optoelectronic  de¬ 
vices. 


2.  Experiment 

rhe  SHHD  device  is  based  on  a  quantum  con- 
fineil  Stark  effect  modulator  structure.  Grown  by 
MBE  in  a  VG28S  growth  kit  it  consists  of  an 
n  '-GaAs  substrate,  a  0.4  /.tm  n  ’-ZnSe  layer,  an 
undoped  buffer  layer  (0.24  /am).  ,Zn„^Se 

quantum  wells  4tl  A  wide  with  60  A  ZnSe  barri¬ 
ers.  a  second  undoped  buffer  layer  (250  A)  and  a 
0.8  urn  p-ZnSc  layer.  Iodine  was  used  for  the 
n-doping  and  nitrogen,  from  an  Oxford  Applied 
Research  RF-  plasma  source,  was  used  for  the 
p-d  ping.  In  order  to  apply  electric  fields  perpen¬ 
dicular  to  the  quantum-well  layers,  an  indium 
ohmic  contact  was  made  to  the  GaAs  substrate 
and  In-Ga  was  used  for  the  top  p-ZnSe  layer. 
F-inally  an  optical  window,  approximately  0,5  mm 
in  diameter,  was  chemically  etched  in  the  sub¬ 
strate  to  l\)rm  the  device  which  was  approxi¬ 
mately  1.2  mm  X  .4  mm  in  size  and  is  shown 
schematically  in  Fig.  I. 

The  In-Ga  contact  t<’  the  p-ZnSe  is  not  ohmic, 
but  forms  a  Schottky  junction  in  series  with  the 
p-i-n  diode.  Since  the  polarities  of  the  two  diodes 
are  opposite,  the  majority  of  the  voltage  is 


in.Ga  Contact 


Undopad  ZnSa 


n  .QaAi 
lubttrata 
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I  It:.  1.  .Sc'hcmiilic  structure  ol  the  ZnC'dSe/ZiiSe  multiple 
tiuanium  well  p-i-n  iliude.  with  :in  ln-C5a  contact  tin  the 
p-ZnSc  layer,  an  In  contact  on  the  (iaAs  siihslrale  and  the 
etched  window. 
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Fig.  2.  Ritom  temperature  transmission  ol  the  ZnC'dSc./ZnSc 
multiple  uuantum  well  p-i-n  diode  versus  leverse  bias  \olt- 
ages  as  indicated.  The  curves  were  normalized  to  UK)';  trans- 
missiorr-at  wavelength  below  the  OW  absorption  peak. 


dropped  across  the  p-i-n  diode  when  it  is  re¬ 
verse  biased.  Moreover,  the  voltage  drop  across 
the  Schottky  junction  will  remain  approximately 
constant  and  was  estimated  from  the  a  measure¬ 
ment  of  the  open  circuit  voltage  of  the  device  to 
be  approximately  1.6  V.  The  leakage  current  of 
the  device  was  typically  less  than  50  nA  at  -  20  V 
reverse  bias. 


3.  Results  and  discussion 

The  optical  transmission  and  photo-current 
spectra  were  measured  using  a  tungsten  white 
light  source  and  a  monochromator  with  0.5  nm 
resolution.  Fig.  2  shows  the  nxtm  temperature 
transmission  of  the  p-i-n  diode  as  a  function  of 
applied  reverse  bias.  The  transmission  spectra  are 
normalized  to  KHITy  at  a  wavelength  below  the 
absorption  edge  of  the  quantum  well.  We  can  see 
from  the  figure  that  there  is  a  strong  e.xcitonic 
absorption  peak  for  the  n  -  I  heavy  hole  e,xciton 
(Exlhh).  This  ionizes  rapidly  with  increased  re¬ 
verse  base,  resulting  in  a  change  in  transmission 
from  about  40%  to  60%  when  the  reverse  bias 
changes  from  0  to  20  V.  The  n  =  1  light  hole 
exciton  (Exilh)  is  also  observed  at  zero  bias.  The 
transmission  cutoff  at  wavciengi  is  shorter  than 
460  nm  is  due  F'  the  absorption  f  ZnSe  bandgap. 
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As  an  increasing  reverse  bias  is  applied  to  the 
p-i-n  diode,  the  exciton  shows  a  clear  “red  shift" 
with  the  exciton  peaks  remaining  resolvable  up  to 
approximately  12  V.  Above  this  value,  the  exciton 
peaks  finally  broaden  and  quench  due  to  the 
strength  of  the  internal  electric  field.  The  absorp¬ 
tion  coefficient,  calculated  from  Fig.  2  with  re¬ 
spect  to  well  thickne.ss  (not  the  combined  thick¬ 
ness  of  barrier  and  well),  of  the  Exlhh  exciton  is 
as  high  as  7.8  x  lO"*  cm"'  at  zero  bias  and  de¬ 
creases  to  4.6  X  !()■'  cm  " '  at  the  same  wavelength 
with  a  20  V  reverse  bias  at  room  temperature. 
The  half-width  at  half  maximum  (HWHM) 
linewidth  of  the  Exlhh  absorption  on  the  low- 
energy  side  at  zero  bias  is  about  16  meV  which  is 
smaller  than  the  shift  of  the  exciton  peak  under 
the  electric  field. 

The  linewidth  of  the  exciton  is  significantly 
larger  than  that  of  Ml-V  semiconductors  due  tt) 
the  stronger  exciton-LO-phonim  interaction  of 
ll-Vl  materials  (HWHM  =  4  meV  in  AlGaAs/ 
GaAs).  Further,  in  contrast  with  lll-V  materials, 
the  change  of  absorption  due  to  the  exciton  peak 
shift  is  less  important  than  its  quenching.  From 
thcor\.  wider  wells  would  result  in  a  larger  exci- 
timic  peak  shift,  however,  the  reduced  confine¬ 
ment  of  the  exciton  in  such  a  structure  would  also 
result  in  a  smaller  e.xcitonic  absorption  strength. 
Therefore,  for  an  electro-optic  device  using  the 
(2f'.SE.  where  large  absorption  changes  arc  de¬ 
sired.  such  trade-offs  must  be  considered  in  the 
design  of  the  structure.  In  fact,  the  magnitude  of 
the  electroabsorption  is  already  larger  than  the 
best  III-V  semiconductor  and  it  follows  that 
wider  exciton  peaks  wxiuld  reduce  any  sensitivitv 
to  wavelength  and  temperature  changes. 

In  order  to  u.se  the  p-i-n  device  in  the  SEED 
configuration,  it  is  necessary  to  mcasuie  the 
photo-current  response  curve,  which  gives  the 
change  in  photo-current  with  applied  voltage  at  a 
fixed  wavelength.  The  solid  lines  in  I'ig.  shi>w 
the  photo-current  response  curves  for  different 
light  intensities  at  488  nm,  i.e.  the  wavelength 
which  corresponds  to  the  Exlhh  absorption  at 
zero  volts.  We  note  that  the  maximum  photo-cur¬ 
rent  occurs  iit  about  4  V  reverse  bias  and  then 
decreases  monotonically  as  the  voltage  increases 
up  to  20  V.  In  forward  bitis  the  photo-current 
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Reverse  Bias  Voltage  (V) 

Fig-  .t.  The  sniiU  lines  show  phi>to-eurrenl  response  eiirees  ns 
a  tuneiion  ot  illumination  intenstly  lor  the  p  i  n  junetion 
with  reverse  bias  at  a  wavelength  ol  4SS  nm.  which  eorre- 
spomis  to  the  peak  position  of  the  Fxlhh  at  zero  volts  shown 
in  I'ig.  2.  The  liotteil  line  gives  the  loail-line  Irom  the  volt.ige 
power  supply  with  a  reverse-hiasetl  p  i-n  UioUe  unUet  eon- 
slant  illumination. 


decreases  rapidly  with  the  cut-off  at  0.7  \  due  to 
the  potential  barrier  caused  by  the  Schottky  con¬ 
tact  at  the  p-layer.  discussed  above,  compensating 
the  built-in  potcntitil  of  the  p-i-n  diode. 

The  photiv-currcnt  spectra  ;ire  similtir  to  the 
absorption  curves,  which  suggests  that  tilthough 
jibsorption  ;it  the  exciton  pctik  inititilly  creates 
cxcitons.  these  arc  ionized  into  free  electrons  and 
holes  via  thcrmit'iiic  emission  from  the  quantum 
wells. 

To  operate  a  modulator  structure  such  as  a 
symmetric  SEED  optical  switch,  twn  reverse  bi¬ 
ased  p-i-n  diodes  arc  phiced  in  series  together, 
one  acting  ;is  the  “load”  for  the  other.  Fig.  4 
shows  the  I'ptical  tirrangement  ;md  the  intercon¬ 
nection  of  the  p-i-n  diodes  with  ihv  voltage 
supply,  rhe  488  nm  line  from  a  C'W  Ar  '  laser 
was  used  as  the  light  source,  with  constant  optical 
power  (/’,^)  supplied  to  diode  I  by  means  of  a 
beam  splitter  inserted  in  the  laser  path.  The 
secivnd  diode  received  a  triangular  ramped  input 
(/•’„,)  produced  by  an  acinisto-optic  nu>dulatcir 
placed  in  the  secondary  path  formed  by  the  beam 
splitter.  The  optical  power  output  (/’„„)  is  the 
transmitted  power  from  p-i-n  diode  2.  with  the 
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bias  current  CDntrolled  by  a  change  in  the  light 
intensity  of  the  illumination  on  diode  1  by  using  a 
neutral  density  filter. 

The  dotted  curve  in  Fig.  3  gives  the  load-line 
for  the  supply  with  a  reverse-bias  across  diode  I. 
This  diode  can  be  considered  as  a  voltage  con¬ 
trolled  constant  current  source.  If  there  is  no 
light  on  diode  2,  no  current  flow's  and  all  of  the 
bias  voltage  appears  across  this  modulator,  creat¬ 
ing  a  high  electric  field  across  the  quantum  wells. 
Therefore,  the  device  is  in  a  high  transmission 
state  as  the  absorption  is  at  a  minimum.  As  the 
optical  input  power  is  slowly  increased,  the 
photo-current  also  increases  but  the  voltage  drop 
on  diode  2  remains,  appro.ximately,  unchanged 
due  to  the  constant  current  bias.  When  the 
photo-current  generated  by  diode  2  is  compara¬ 
ble  (see  curve  (a)  in  Fig.  3)  with  or  larger  than  the 
bias  current  provided  by  diode  1,  positive  feed¬ 
back  occurs,  leading  to  the  majority  of  the  voltage 
being  dropped  across  diode  I.  This  then  leaves 
diode  2  in  a  low  transmission  state  as  the  absorp¬ 
tion  is  now  at  a  maximum.  Once  this  low  trans¬ 
mission  state  is  reached,  the  input  power  can  be 
decreased  whilst  still  retaining  the  high  absorp- 
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Fii*.  5.  Optical  inpiil-oulpul  characteristic  tor  the  S-SE'F-D 
configiiralion.  shiwmg  i>plical  bisiahihlv.  This  characteristic  is 
taken  with  a  2(t  bias  current  and  2(t  V’  supply  voltage.  The 
input  und  i>ulpui  (P„m)  optical  powers  correspond  to 

approximalcK  41)  and  12  di\-  respecli\el\. 


tion  state  until  a  lower  critical  "switch-up"  input 
power  is  reached  (see  curve  (c)  in  Fig.  3).  At  this 
point,  the  positive  feedback  operates  in  reverse, 
and  the  device  switches  back  to  a  high  transmis¬ 
sion  state.  Therefore,  between  these  two  powers, 
the  device  is  bistable  and  can  operate  in  a  either 
a  high  or  low  transmission. 

The  i>pticallv  bistable  input-output  characteris¬ 
tic  for  the  S-SHHD  is  shown  in  Fig.  .s.  where  the 
input  and  output  intensities  of  the  laser  are  ap¬ 
proximately  40  and  12  ^xW/div.  respectively,  with 
a  bias  current  and  voltage  of  20  ^xA  and  20  V. 
The  contrast  ratio  of  the  high  and  low  states  in 
this  device  is  about  I..S:I.  which  could  be  im¬ 
proved  by  increasing  the  number  of  quantum 
wells.  In  the  ca.ses  of  the  S-SFFl)  and  the  D- 
SFED.  we  are  able  to  observe  bistability  at  7  V. 
whereas  it  can  be  seen  frxmi  the  response  curve 
(Fig.  3)  that  if  a  resistive  load  was  used,  a  bias 
voltage  of  about  3.‘'  V’  would  be  necessarv.  As 
expected,  the  switch  pxiwer  ratio  of  the  S-SFHD 
is  greatly  improved  compared  with  the  D-SFFD 
configuration. 

Because  of  the  large  R('  constant  caused  by 
the  large  area  and  the  resistive  p-Zn,Sc  layer  in 
this  device,  the  switching  times  of  the  device  are 
relatively  slow  compared  with  the  fully  integrated 
lll-V  devices.  By  improving  the  design  and  de- 
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vice  fabrication,  the  11- VI  semiconductor  devices 
should  be  able  to  work  faster  than  111-V  due  to 
the  shorter  free  carrier  life  time. 


4.  Conclusion 

In  summarv'.  we  report  the  first  observation  of 
electronic  optical  bistability  in  the  blue-green  re¬ 
gion  using  a  11-Vl  ZnSc/ZnCdSe  quantum  con¬ 
fined  Stark  effect  modulator  structure  in  the  form 
of  an  S-SEHD  device.  With  optimized  structures 
in  ll-Vl  semiconductors  OCSE  devices  would 
form  suitable  components  for  information  pro¬ 
cessing  in  the  UV  to  infrared  spectral  region.  In 
addition,  the  shorter  wavelength  of  operation  of 
these  devices  results  in  a  reduced  diffraction  lim¬ 
ited  pixel  size  by  a  factor  of  ^  2  over 
AlGaAs/GaAs  structures  and  correspondingly 
reduced  energy  requiremen  for  switching. 
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Abstract 

The  polar  magneto-optic  Kerr  effect  is  used  to  investigate  (Cd.Mn)Te/C'dTe  siiperlattiees.  It  is  demonstr;ited 
that  the  magneto-optic  Kerr  effect  provides  a  nondestructive  technigue  to  studv  excitons.  An  oscillator  model  is 
applied  to  analyze  the  data,  and  the  Zeeman  splitting  and  the  magnetic  field  dependence  of  the  oscillator  strength 
for  a  60  A  period  superlattice  is  given  as  an  example. 


I.  Introduction 

Ouantum  well  (QW)  and  supcriatticc  (SL) 
structures  based  on  Il-VI  semieonductors  have 
gained  increased  interest  due  to  their  potential 
for  application  in  optoelectronics  in  the  visible- 
light  region.  There  is  also  a  variety  of  reasons  to 
study  fundamental  physics  of  11-VI  based  OWs 
and  SLs.  One  particular  aspect  making  Il-VI 
based  OWs  and  Sl,s  an  attractive  material  system 
to  study  is  the  possibility  of  including  diluted- 
magnetic  semiconductors  (DMSs)  into  the  struc¬ 
tures.  In  DMSs  a  fraction  of  group  II  ions  is 
replaced  by  magnetic  ions  and  the  strong  sp-d 
exchange  interaction  leads  to  a  variety  of  phe¬ 
nomena.  A  discussion  of  the  exchange-induced 
optical  properties  of  DMS  based  SLs  can  be 
found  in  ref.  [1]  and  references  therein. 

One  of  the  most  prominent  effects  is  the  giant 
Faraday  rotation.  In  bulk  DMSs  it  is  used  rou- 
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tinely  to  study  the  band  structure  and  excitonic 
properties  or  as  an  optical  method  to  determine 
the  magnetization  [2..'].  Recently  Kohl  et  al.  [4.5] 
demonstrated  the  possibility  of  detecting  Faraday 
rotation  from  (C'd.Mn)Te/('d Te  nuiltiguantum 
wells  (MOWs).  To  perform  Faraday  experiments 
in  SLs  and  OWs.  substrates  have  to  be  transpar¬ 
ent  or  removed  by  etching.  In  the  following  we 
will  demonstrate  that  the  polar  magneto-optic 
Kerr  effect  (MOKE)  -  obseivation  of  the  mag¬ 
netic  circular  birefringence  and  dichroism  in  re¬ 
flection  geometry  -  is  more  suitable  for  routine- 
type  experiments  in  SLs. 


2.  Experimental  details 

The  samples  used  in  this  investigation  are  Sl.s 
of  (Cd,Mn)Te/CdTe  grown  on  C'd'Fe  substrates 
by  molecular  beam  epitaxy.  The  SLs  are  embed¬ 
ded  between  a  buffer  layer  (bOOO  A)  and  a  cap 
layer  (KHM)  A)  of  (C'd.Mn)re. 

The  setup  used  to  measure  the  derivative  of 
the  Kerr  rotation  is  similar  to  the  one 
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used  in  ref.  [5].  The  fundamental  differenee  is 
that  we  observe  the  reflected  light  and  therefore 
do  not  need  any  special  sample  preparation.  Lin¬ 
early  polarized  light  from  a  tunable  laser  is  re¬ 
flected  (at  near  iiormal  incidence)  from  the  sam¬ 
ple  and  split  into  two  orthogonal  components  by 
a  polarizing  beamsplitter.  Typical  power  densities 
for  the  experiments  were  as  low  as  approximately 
1  W/cm’.  The  sample  is  placed  into  an  optical 
split-coil  magnet  cryostat  ( B  <  7  T);  an  additional 
small  coil  allows  one  to  apply  modulation  fields 
( B„,„j  <  .s  mT.  /„,,,,  <  1  kHz).  Both  fields  arc 
directed  parallel  to  the  propagation  direction  of 
the  light,  which  coincides  with  the  g  owth  axis  of 
the  samples.  The  two  orthogonally  polarized  light 
beams  are  detected  by  a  pair  of  Si  diodes.  Sum 
and  difference  of  the  photocurrents  are  gener¬ 
ated  by  analog  amplifiers.  The  beamsplitter  is  set 
to  a  position  where  the  two  beams  are  of  equal 
intensity  outside  the  resonance. 

An  analysis  of  the  experiment  shows  that  the 
ratio  of  the  difference  signal  detected  by  a  lock-in 
amplifier  at  the  modulation  frequency  (/j^‘  )  and 
the  DC  sum  signal  (/v^‘  )  is  independent  of  the 
apparatus  characteristics  and  depends  only  on 
intrinsic  properties  of  the  sample: 

_^lm[d(r!r  )/dB] 


where  r  ,  denotes  the  amplitude  reflection  coef¬ 
ficient  >  ,  =  f> ,  e'*'*  =  IC^/L\  for  right  (  +  )  and 
left  (-)  circular  polarization.  This  expression  sim¬ 
plifies  for  zero  background  field  to: 
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where  =  (-)  -  (-) .  is  the  Kerr  angle.  In  a 
finite  background  field  and  under  resonance  con¬ 
ditions  where  the  difference  between  p ,  and  p 
is  not  negligible.  Lq.  ( I )  has  to  be  used  for  data 
analysis. 


3.  Experimental  results 

A  typical  spectrum  for  field-modulated  MOKt 
is  shown  in  I'ig.  1  together  with  photolumines¬ 
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Fi^.  1.  (a)  DiJlercniial  polar  magnelo-oplic  Kerr  roiation  tor  a 
iTc/('i.lTc  .supcrlatticc  1/.^=  l-v.  = 
lolumincsccncc  (dashed  line)  and  phololuminescenee-e.xeita- 
tion  (solid  line)  spectra  of  the  same  sample. 


cence  (PL)  and  photoluminescence-excitation 
(PLE)  spectra  of  the  same  sample.  PL  and  PLE 
spectra  of  similar  samples  have  been  investigated 
in  detail  before  [1];  therefore  we  will  give  only  a 
brief  discussion  of  these  data.  The  PL  spectrum 
(F-ig.  lb)  shows  two  lines:  a  double  structure  at 
/;' =  167b  meV  related  to  SL  excitons  and  a  line 
at  L  =  17.31  nieV  corresponding  to  the  lumines¬ 
cence  from  the  (Cd.Mn)Te  buffer  layer.  The  com¬ 
parison  with  the  PLE  data  reveals  a  pronounced 
redshift  of  the  buffer-layer  PL  which  is  due  to 
magnetic  polaron  formation;  the  PL  line  from  the 
SI.  cxcitous  also  shv)ws  a  redshift.  This  energy 
difference  can  be  explained  by  exciton  localiza¬ 
tion  due  to  fluctuations  of  the  well  width,  small 
contributions  due  to  two-dimensional  magnetic 
polaron  formation  arc  possible.  The  low  energy 
line  is  likely  to  be  a.s.sociated  with  an  exciton 
bound  to  an  acceptor. 
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A  comparison  of  the  field  modulated  MOKE 
and  the  PLE  data  clearly  reveals  that  the  struc¬ 
tures  in  the  MOKE  data  are  related  to  the  free 
excitons  in  the  SL  as  well  as  in  the  buffer  mate¬ 
rial.  The  zero  crossing  of  the  MOKE  structure 
coincides  within  the  experimental  error  with  the 
peak  position  in  the  PLE  spectra.  This  was  con¬ 
firmed  for  all  the  samples  investigated  and  there¬ 
fore  provides  a  simple  way  to  determine  the  free 
exciton  energy  from  the  spectra. 


4.  Numerical  data  analysis 


To  extract  more  information  from  the  MOKE 
data,  it  is  necessary  to  model  the  data  using  Eq. 
(1).  This  requires  calculating  the  amplitude  re¬ 
flection  coefficients  r  ^  for  the  multilayer  .struc¬ 
tures.  This  task  is  simplified  by  recently  published 
theoretical  investigations  of  magneto-optics  in 
multilayer  structures  [6].  These  authors  formulate 
the  problem  in  terms  of  a  4  x  4  transfer  matrix 
for  each  layer  depending  only  on  the  dielectric 
function  of  the  layer  material  and  the  layer  thick¬ 
ness.  Any  structure  can  be  described  by  the  prod¬ 
uct  of  the  corresponding  matrices.  Imposing 
proper  boundary  conditions  on  the  resulting 
transfer  matrix  defines  retlection  coefficients  as 
ratio  of  two  elements  of  the  transfer  matrix.  As¬ 
suming  that  the  contribution  from  the  heav\'-hole 
exciton  ( I  Ih)  is  dominating  the  dielectric  fenclion 
we  used  a  single-oscillator  model  of  the  following 
form  for  each  material: 
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(3) 


where  is  the  resonance  frequency  corre¬ 

sponding  to  the  llh.  ai|',  is  the  longitudinal- 
transverse  splitting  which  is  directly  proportional 
to  the  oscillator  strength,  and  I'  ’(B)  is  a  phe¬ 
nomenological  damping  ct)nstant  [7). 

To  calculate  the  field  modulated  MOKli.  we 
have  to  make  assumptions  on  the  field  depen¬ 
dence  of  the  parameters  in  (.1).  We  use  a  Taylor 
expansion  at  the  background  field  B^, 
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Fiji.  2.  Dift'c  rent  lit)  magncto-opliciii  Kerr  relation  U'r  a 
C'd„.,Mn„  jTc/Cd  Tc  MiperlaUicc  ( /. .  -  2(1  A)  in  a  hack- 

jiraund  field  of  H  =0.5  T.  Solid  line  is  eakul.iled. 


.Since  the  lock-in  signal  is  taken  at  the  first  har¬ 
monic  of  the  modulation  frequeney.  only  the  lin¬ 
ear  term  in  (4)  contributes  to  the  signal.  As  the 
Zeeman  splitting  is  "giant"  in  DMS  we  neglect 
contributions  of  (a,  ,  and  /'.  i.  e.  assuming: 

d (o  If)  dia.j  d/ 

- » - =  -  =  0.  (5) 

d/7  d/7  d/7 

Using  the  transfer-matrix  formalism  and  a  dielec¬ 
tric  function  of  the  form  (.7)  for  each  material,  we 
can  calculate  the  modulated  MOKE  spectra. 
Treating  (a,’,,,  (a,',.  /'  '.  and  dia,,,,  dB  as  fitting 
parameters,  we  get  a  reasonably  gc.od  fit  tii  the 
main  structures  of  the  data.  An  example  is  shown 
in  Fig.  2  for  a  (C'd.MnVT'e/t'd'l'e  superlattice  in  a 
background  field  of  B  =  0..^  T.  It  has  to  he  pointed 
out  here  that  the  lineshape  of  the  spectra  is 
strongly  innuenced  by  the  values  of  the  back¬ 
ground  dielectric  constant  e,  for  the  (Cd.MnVTe. 
This  high  sensitivity  can  be  understood  as  an 
effeet  of  multiple  reflections  between  the  surface 
and  the  substrate.  The  calculated  spectra  deviate 
significantly  from  the  experiment  on  the  high 
energy  side  of  the  llh  structure  where  a  sharp 
peak  is  not  reproduced.  We  expect  the  light-hole 
exciton  contribution  which  is  not  included  in  our 
model  to  be  in  this  range.  The  deviation  is  also 
significant  in  the  region  between  the  llh  struc- 
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(  d,,  ,Tc  (’d  Ic.  The  M'lid  linc>  iti  (al  arc  IFrillouin  tune* 
lions.  Hie  dashed  lines  in  (h)  and  (e)  are  vjuides  \o  ihe  eve. 


show  a  monotonif  behaviour  and  no  pronounced 
evidence  for  a  change  of  the  band  alignment  of 
the  component,  't  his  is  in  agreement  with  thi. 
results  reported  in  ref.  [7]  for  a  similar  sirueiure. 
The  increase  of  the  oscillator  strength  with  /'  for 
the  ir  component  relleets  the  gain  in  two-di¬ 
mensionality  as  the  confinement  potential  in¬ 
creases. 


5.  Conclusion 

We  demonstrated  that  the  polar  MOKC  is  a 
sensitive  tool  to  study  DMS  btised  Sl.s.  C  omptiri- 
son  of  MOKfi  and  Pl.F  shows  that  an  evaluation 
of  (he  zero  crossings  of  the  signal  gives  a  good 
appro.ximation  of  the  exeiton  energies.  Phe¬ 
nomenological  description  of  the  dielectric  func¬ 
tion  in  lerms  of  a  single-oscillator  riK'del  repio- 
duees  Ihe  mtiin  structures  of  the  datii  well:  how¬ 
ever.  a  dielectric  function  based  on  a  band-struc¬ 
ture  ealeukition  may  be  nccessaix  for  a  complete 
description  of  the  data. 
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Abstract 

Expcriincnial  and  theoretical  studies  of  the  exchange-enhanced  spin-flip  Raman  scattering  frttni  electrons  bound 
to  donors  in  a  series  of  CdTe/Cd,  ,Mn,Te  multiple  quantum  well  structures  have  been  carried  out.  In  this  series, 
the  CdTc  well  width  has  been  kept  constant  and  the  barrier  Mn  concentration  has  been  varied  from  \'"r  to  12'r.  In 
some  samples  two  spin-flip  Raman  signals  arc  observ'cd.  attributed  to  electrons  located  in  the  quantum  wells,  hut 
b(mnd  to  donors  located  either  in  the  quantum  wells  or  in  the  barriers  adjacent  to  the  wells.  This  work  provides  a 
new  test  of  a  model  developed  previously  for  these  two  signals:  the  results  suggest  that  the  conduction  band  offset  in 
CdTe/Cd  I  ,Mn,Te  heterostructures  is  not  a  function  of  Mn  concentration  at  low  concentrations. 


1.  Introduction 

Dilute  magnetic  semiconductors  (DMSs;  for 
instance,  Cd,  ,MnjTe)  show  a  dependence  of 
the  bandgap  on  the  applied  magnetic  field,  owing 
to  the  strong  spin-exchange  coupling  of  the  carri¬ 
ers  with  the  magnetic  ions  [1].  When  the  barriers 
of  multiple  quantum  well  (MQW)  structures  are 
formed  from  DMS  material,  the  barrier  bandgap 
becomes  an  adjustable  quantity.  We  have  previ¬ 
ously  exploited  this  effect  in  CdTe/Cd,  ,Mn,Te 
MOWs  containing  donor  ions,  using  spin-flip  Ra- 
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man  (SFR)  spectroscopy  [2]  to  study  how  the 
Coulomb  fields  of  donor  impurities  affect  elec¬ 
trons  confined  in  the  wells  [.T4].  The  Raman 
shifts  correspond  to  the  Zeeman  splitting  of  the 
electron  states  in  the  magnetic  field,  enhanced  by 
the  exchange  field  due  to  the  mangane.se  ions  by 
an  amount  determined  by  the  penetration  of  the 
electronic  wavefunction  into  the  magnetic  barrier 
region.  Thus,  the  Raman  shifts  observed  in  SFR 
give  a  probe  of  any  effects  which  modify  the 
electron  wavefunction. 

In  a  uniformly-doped  n-type  MOW  structure, 
the  electrons  will  consist  of  two  types.  First,  there 
will  be  those  bound  at  the  donors  in  the  wells, 
and.  secondly,  there  will  be  those  which  origi¬ 
nated  from  the  donors  in  the  barriers,  but  which 
arc  now  trapped  in  the  well  region.  Since  the 
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degree  of  penetration  of  the  two  types  of  electron 
into  the  barriers  will  be  different,  the  Zeeman 
splitting  of  the  two  types,  and  thus  their  SFR 
Raman  shifts,  will  also  differ.  We  have  shown 
previously  that  the  two  distinct  series  of  SFR 
signals  that  we  observe  in  a  set  of  CdTe/Cd^^j 
Mn,||,7Te  multiple  quantum  well  structures  of  dif¬ 
ferent  well  widths  can  be  interpreted  as  being 
due  to  these  two  types  of  electron  state  [3],  Flere, 
we  discuss  the  extension  of  that  study  to  samples 
of  constant  well  width  but  varying  Mn  concentra¬ 
tion. 


2.  Experimental  details 

CdTe/Cd|_^.Mn,Te  multiple  quantum  wells 
(MQWs)  with  well  and  barrier  widths  of  50  and 
150  A,  respectively,  were  grown  on  1000  A  buffer 
layers  of  CdTe  on  (001)  InSb  substrates  by  molec¬ 
ular  beam  epitaxy,  with  barrier  manganese  con¬ 
centrations  of  AT  =  0.01,  0.02,  0.03,  0.07,  and  0.12. 
The  growth  technique  is  described  elsewhere  and 
•typically  yields  n-type  material  with  net  neutral 
donor  concentrations  of  order  10'''  cm"'  [5].  Ra¬ 
man  scattering  experiments  were  conducted  at 
1.5  K  in  the  backscattering  geometry;  magnetic 
fields  from  zero  to  6  T  were  applied  in  the  plane 
of  the  sample.  A  Ti-sapphire  laser  was  used  as 
the  excitation  source  and  the  scattered  light  was 
analysed  with  a  triple  monochromator  and  CCD 
detector.  Resonance  profiles  of  the  SFR  signals 
were  obtained  using  an  automated  scanning  tech¬ 
nique  described  elsewhere  [6]. 


3.  Results  and  discussion 

Fig.  1  shows  SFR  spectra  for  three  samples,  at 
the  magnetic  fields  and  temperatures  indicated. 
The  experimental  data  have  been  fitted  via  a 
least-squares  routine,  and  the  fits  are  indicated 
on  the  figure  by  solid  lines;  the  photolumincs- 
cence  (PL)  background  was  approximated  by  a 
straight  line  of  appropriate  gradient.  For  the  x  - 
0.07  sample  (Fig.  lb),  the  experimental  spectrum 
consists  of  two  clearly-resolved  Gaussian  bands 
(at  3S  and  51  cm  '  at  saturation)  which  we  label 


Fig.  1.  Spin-flip  Raman  spectra  of  three  MQW  structures  of 
well  width  50  A  and  barrier  Mn  concentrations  (  v)  as  indi¬ 
cated.  (  +  )  Experimental  data:  ( - )  fits  to  the  data,  and 

the  individual  components  of  each  fit. 


SFl  and  SF2.  For  the  jf  =  0.()3  sample  (Fig.  la), 
two  unresolved  Gaussian  components  (at  33  and 
40  cm"‘)  can  be  identified  on  fitting  the  data. 
These  spectra  agree  with  our  previous  work,  and 
we  interpret  the  two  components  of  the  spectra 
as  being  due  to  electrons  in  the  quantum  wells 
bound  to  donors  located  in  the  wells  (SFl)  or 
bound  to  donors  located  in  the  barriers  (SF2). 

The  Raman  signals  were  identified  with  spin- 
flip  processes  as  follows.  In  our  experimental 
geometry,  the  selection  rule  for  SFR  of  Jwy  = 
+  1  implies  that  signals  will  only  be  detected 
when  the  linear  excitation  and  detection  polariza¬ 
tions  are  mutually  perpendicular.  Also,  SFR  sig¬ 
nals  show  a  modified  Brillouin  function-like  de¬ 
pendence  on  magnetic  field  which  identifies  them 
as  magnetie  excitations  [2].  Polarization  and  mag¬ 
netic  field  dependences  confirmed  the  origin  of 
the  Raman  signals  discussed  here. 

Applying  the  model  developed  earlier,  we  can 
calculate  the  spin-flip  energy  of  a  donor-bound 
electron  for  different  donor  positions  in  the  pre¬ 
sent  structures.  Details  of  the  calculation  are 
presented  elsewhere  [3].  We  use  a  variational 
approach  and  assume  a  donor  electron  envelope 
function  consisting  of  a  product  of  the  one-di¬ 
mensional  finite  potential  well  envelope  wavefun- 
tion  and  a  three-dimensional  hydrogen-like  state; 
the  variational  parameter  characterises  the  devia¬ 
tion  from  the  spherical  shape  of  the  three-dimen- 
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siona!  bulk  donor  wavefunction.  The  variational 
energy  is  calculated  using  the  Hamiltonian  for  a 
hydrogen-likc  donor  in  a  square  well  potential  (7J. 
In  order  to  calculate  spin-flip  energies,  a  particu¬ 
lar  value  of  the  conduction  band  offset  in  zero 
magnetic  field  is  assumed.  When  the  field  is 
applied,  the  offset  becomes  ( -  £\|/2)  or  ( + 
E^,/2).  according  to  the  direction  of  the  electron 
spin,  where  is  the  conduction  band  Zeeman 
splitting.  The  electron  energies  are  calculated  for 
each  of  these  two  offset  values,  and  their  differ¬ 
ence  gives  the  Zeeman  splitting  of  the  donor- 
bound  electron,  which  is  the  spin-flip  Raman 
energy  observed.  The  parameters  of  the  calcula¬ 
tion  arc  given  in  ref.  [.’1].  The  value  of  the  conduc¬ 
tion  band  offset  was  treated  as  a  free  parame¬ 
ter  previously;  a  value  of  60  ±  .S  meV  was  de¬ 
duced  for  the  heterostructure  with  .v  =  0.07  [.1].  It 
is  possible  that  this  quantity  varies  with  Mn  con¬ 
centration.  since  other  work  on  samples  with 
higher  Mn  concentrations  suggests  a  larger  value 
[8.0].  The  calculation  also  requires  a  knowledge 
of  the  barrier  Zeeman  splitting,  and  thus  the 
effective  Mn  concentration,  .v.  This  is  less  than 
the  actual  Mn  concentration,  x.  due  to  the  spin¬ 
pairing  of  neighbouring  Mn  ions,  and  therefore 
varies  with  .v  (increasing  with  .v  until  .v  *  0.05 
and  then  decreasing  as  the  likelihood  of  Mn 
pairing  increa.ses).  The  exact  dependence  of  .v  on 
X  is  nt)t  known  and  several  experimentally  deter¬ 
mined  relationships  have  been  published  [10-12] 
which  differ  principally  for  .v  >  O.IO. 

The  calculation  can  now  be  applied  to  our 
experimental  results.  Since  a  uniform  distribution 
of  donors  throughout  the  sample  gives  rise  to 
only  two  main  contributions  to  the  Raman  spec¬ 
trum.  calculating  the  Raman  shift  for  a  donor 
placed  centrally  in  the  well  gives  an  approxima¬ 
tion  to  the  SF'l  signal,  whilst  when  the  donor  is 
placed  in  the  barrier  and  within  a  few  lattice 
constants  of  the  well,  we  obtain  an  estimate  for 
the  Raman  shift  of  SF2.  Fig.  2  shows  the  calcu¬ 
lated  Raman  shifts  of  the  SFl  and  SF2  signals  for 
donors  at  the  well  centre  and  at  10  A  into  the 
barrier  as  a  function  of  the  barrier  Mn  concentra¬ 
tion;  a  fixed  ratio  of  =  0.54  was  used, 

where  is  the  band  gap  energy  difference  at 
1.5  K. 


Fig.  1.  Dependence  of  the  saturation  spin  Hip  Raman  shift  tui 

harrier  Mn  concentration.  ( - )  CalciiJaleJ  dependence 

of  SFl  and  SF2  Raman  shift  with  effective  Mn  cf>ncentraiion 

according  to  ref.  112J;  f - )  calculations  for  SFl  and  SF2 

with  effective  Mn  concentration  according  to  ref.  (llj:  (•) 
experimental  data. 


The  experimental  values  are  also  indicated  on 
Fig,  2  and  it  is  clear  that  for  the  .v  =  0.0.^  and 
X  =  0.07  samples,  the  agreement  between  calcula¬ 
tion  and  experiment  is  good.  In  view  of  the  un¬ 
certainty  in  the  form  of  xix).  we  performed  two 
sets  of  calculations  taking  different  estimates  for 
.v(.r).  from  refs.  [10]  and  [1 1]  (the  dashed  curves) 
and  [12]  (the  solid  curves).  The  data  of  refs.  [10] 
and  [11]  give  the  best  agreement  with  our  SFR 
data  for  these  MQWs  and  for  an  ,v  =  0.07  epitax¬ 
ial  layer. 

For  the  .v  =  0.01  and  0.02  samples,  our  model 
suggests  that  SFl  and  SF2  bands  will  not  be 
sufficiently  separated  in  energy  to  be  experimen¬ 
tally  resolved.  In  both  cases  only  one  SFR  band  is 
observed,  with  Raman  shifts  in  reasonable  agree¬ 
ment  with  our  predictions. 

However,  the  experimental  results  for  the  x  = 
0.12  sample  (Fig.  Ic)  are  not  as  expected.  The 
spectrum  can  be  fitted  with  a  single  Lorentzian 
curve,  centred  at  about  42  cm  ';  two  Gaussian 
bands  centred  at  the  same  Raman  shift  can  re¬ 
produce  its  lineshape,  but  within  our  model  for 
SFR  in  these  structures,  SFl  and  SF2  bands 
cannot  (x:cur  at  identical  prxsitions.  so  that  a 
different  explanation  for  the  lineshape  and  Ra- 
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man  shift  must  be  sought.  The  obsen'ed  Raman 
shift  is  higher  than  expected  for  SFl  signals,  and 
it  is  necessary  to  confirm  that  this  signal  is  associ¬ 
ated  with  the  quantum  wells  of  the  .structure.  We 
therefore  studied  the  dependence  of  the  SFR 
signal  intensity  on  excitation  photon  energy;  Fig. 
."^a  shows  a  set  of  SFR  spectra  taken  for  laser 
wavelengths  in  the  range  7415  to  7505  A,  step¬ 
ping  the  laser  in  2  A  steps.  The  SFR  signal  shows 
clear  resonances  in  this  energy  range,  which  are 
shown,  by  comparison  with  the  quantum  well  PL 
spectrum  (Fig.  3b),  to  correspond  to  the  quantum 
well  transitions. 

Several  explanations  for  the  observed  Raman 
shift  can  be  proposed:  firstly,  interdiffusion  of 
Mn  into  the  quantum  wells  would  increase  the 
spin-flip  shift,  since  the  overlap  of  the  electronic 
wavefunction  with  the  predominantly  unpaired 
interdiffused  Mn  ions  would  be  significant.  Sec- 


t  ig.  (ii)  Revinancc  Raman  and  (b)  phololuminesccnce  (PL> 
spectra  of  the  MOW  with  barrier  Mn  concentration  of  x  = 
11.12.  In  (a),  the  range  of  each  spectrum  is  at  a  fixed  Raman 
shift  from  the  laser  energy,  which  decreases  from  front  to 
back  of  the  figure.  The  hand  (labelled  SF)  which  remains  at  a 
constant  position  in  each  spectrum  is  the  spin  flip  signal  of 
interest  here;  other  bands  are  due  to  PL.  In  (b).  the  wave¬ 
lengths  at  which  the  SF  signal  is  strongest  are  marked  with 
arrows. 


ondly,  an  unexpectedly  high  level  of  doping  could 
result  in  an  electron  concentration  in  the  well 
sufficient  to  decrease  the  effective  potential  of 
the  well,  and  thereby  increase  the  penetration  of 
the  carriers  into  the  barrier.  Changes  in  the  band 
offset  ratio  with  Mn  concentration  could  explain 
our  results,  but  as  noted  above  it  appears  that  if 
any  dependence  on  x  exists,  published  work  sug¬ 
gests  an  increase  with  x.  leading  to  stronger  elec¬ 
tron  confinement  in  the  well  and  therefore  smaller 
SFR  shifts. 

A  final  explanation  is  that  the  reduced  proba¬ 
bility  of  spin-pairing  for  Mn  ions  situated  close  to 
the  barrier-well  interface  results  in  a  locally  en¬ 
hanced  value  of  the  paramagnetic  Mn  concentra¬ 
tion,  X,  compared  to  that  determined  in  bulk 
samples  [13],  Since  the  well  electron  wavefunc¬ 
tion  probes  specifically  the  part  of  the  barrier 
close  to  the  interface,  it  would  be  particularly 
sensitive  to  this  effect  and  the  spin-flip  Raman 
shift  would  be  correspondingly  increased.  Indeed. 
SFR  studies  of  further  MOW  structures  with 
0. 1  <  X  <  0,2  would  be  valuable  in  investigating 
the  question  of  Mn  magnetization  near  an  inter¬ 
face. 


4.  Summary 

We  have  reported  the  observation  of  two  dis¬ 
tinct  electron  SFR  spectra  in  CdTe/Cd , . ,  Mn  ,Te 
multiple  quantum  well  samples  of  different  bar¬ 
rier  concentrations.  The  spectra  of  four  samples 
are  accounted  for  by  the  existence  of  a  uniform 
low  level  of  donors  throughout  the  well  and  bar¬ 
rier  regions.  A  fifth  sample  gives  an  anomalous 
result  for  which  two  explanations  have  been  con¬ 
sidered:  this  result  illustrates  the  sensitivity  of  the 
SFR  technique  to  sample  quality  and  doping  lev¬ 
els.  A  variational  model  has  been  applied,  and  its 
predictions  for  the  former  two  samples  are  con¬ 
sistent  with  the  observed  trend  in  the  spin-flip 
energies  with  barrier  concentration  if  the  zero- 
field  conduction  band’  offset  is  taken  to  be 
0.54 A  E^.  This  work  therefore  provides  further 
evidence  for  a  constant  value  of  the  band  offset 
ratio  in  Cd,  ,  Mn,Te  at  low  x  values. 
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Abstract 

Cdi  ^Zn,Te/Cd|  ,Mn,Te/Cd,  ^Zn^Tc  structures  have  been  grown  by  MBE.  the  values  of  v  and  ,v  being 
chosen  such  that  the  excitonic  bandgaps  of  the  layers  are  approximately  equal.  Reflectivity  measurements  show  that 
application  of  a  magnetic  field  changes  the  bandgap  of  the  dilute  magnetic  layer  and  switches  on  and  deepens 
Cd|  ,Mn,Te  potential  wells  that  did  not  exist  in  zero-field.  As  the  wells  deepen,  the  intensity  of  the  quantum  well 
photoluminescence  increases  from  zero  at  a  well-defined  threshold  exciton  energy.  F.xcitons  cannot  transfer  from  the 
Cd|  jZn,Tc  barriers  to  the  Cd,  ,Mn,Te  well  unless  the  well  is  at  least  ,s  meV  deep. 


I.  Introduction 

In  dilute  magnetic  semiconductors  such  as 
Cd  I  ,  Mn  ,Te  the  magnetic  properties  of  the  elec¬ 
trons  and  holes  can  be  enhanced  by  up  to  two 
orders  of  magnitude  by  the  exchange  interaction 
with  the  magnetic  ions  [1].  As  a  result,  the 
bandgap  for  a  given  spin  state  can  be  altered  by 
several  tenths  of  an  electron  volt  by  the  applica¬ 
tion  of  a  magnetic  field  at  low  temperature.  When 
such  materials  are  incorporated  into  heterostruc¬ 
tures,  one  can  take  advantage  of  this  to  change 
the  depths  of  the  potential  wells  during  the  course 
of  an  experiment.  The  present  report  concerns  a 
study  of  this  type  carried  out  on  thin  Cd,  ,Mn,Te 
layers  sandwiched  between  layers  of  Cd ,  ,.Zn  ,Tc. 
the  values  of  x  and  y  being  chosen  so  that  the 
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zero-field  bandgaps  of  the  two  materials  are  ap¬ 
proximately  equal.  In  this  way.  structures  were 
produced  in  which  wells  in  the  Cd|_,Mn  Te 
could  be  ’  switched  on"  and  their  depth  con¬ 
trolled  from  zero  by  application  of  the  magnetic 
field.  In  comparison  with  previous  work  on  field- 
induced  "spin  superlaltices"  such  as  ZnSe/ 
Zn,  ,Fc,Se  and  ZnSe/Zn,  ,Mn,Se  [2,.^],  our 
use  here  of  two  alloy  materials  gives  greater 
flexibility.  Our  aim  was  to  study  the  way  in  which 
optical  properties  such  as  e.xcitonic  oscillator 
strength,  cxcitonic  capture  and  subsequent  emis¬ 
sion  intensity  are  related  to  the  depth  of  a  quan¬ 
tum  well. 


2.  The  structures 

The  layers  were  grown  by  molecular  beam 
epitaxy  in  a  Ribcr  .'t2P  system  at  280°C  on  sub- 
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strates  of  (100)  Cdiixx^Zn,,  ,|jTe.  The  specimens 
are  very  simple,  in  each  case  consisting  of  only  a 
single  layer  of  Cd,_,Mn,Te  (of  thickness  200  A) 
with  1000  A  of  Cd|_,,Znj.Te  on  each  side,  the 
value  y  of  the  zinc  concentr^'.on  being  matched 
as  closely  as  possible  to  that  of  the  substrate 
(0.115).  Four  specimens  were  studied,  with  man¬ 
ganese  concentrations  x  of  0,020  (SI),  0.038  (S2), 
().()5()  (S3)  and  0.056  (S4),  as  determined  from  the 
reflectivity  spectra  (see  section  3).  The  thickness 
of  the  Cd|_,Mn^Te  layer  is  below  the  critical 
value  for  relaxation,  so  that  it  is  strained  to  the 
substrate  lattice,  with  a  heavy-hole/ light-hole  en¬ 
ergy  splitting  of  about  35  meV  (depending  on  jt), 
the  heavy-hole  bandgap  being  the  smaller. 


3.  The  optical  spectra 

The  excitonic  transitions  were  .studied  by  re¬ 
flectivity  and  photoluminescence  (PL)  spec¬ 
troscopy  mainly  in  the  Faraday  configuration,  with 
the  magnetic  field  normal  to  the  layer  planes.  In 
Fig.  1  we  show  the  dependence  of  the  reflectivity 
signals  on  magnetic  field  for  the  four  specimens 
with  different  manganese  concentrations.  The 
signals  whose  positions  depend  strongly  on  field 
(solid  lines)  are  due  to  the  Cd|_,Mn,Te  layers, 
whilst  those  due  to  the  Cd,„,Zn,Te  layers 
(broken  lines)  are  only  slightly  affected  by  the 
field.  The  large  shifts  in  the  Cd|^,lVIn,Te  line 
positions  are  due  to  the  exchange  interactions  of 
the  electrons  and  holes  with  the  manganese  ions 
and  the  Brillouin-likc  behaviour  reflects  the  para¬ 
magnetic  behaviour  of  the  manganese  magnetiza¬ 
tion.  The  lowest  energy  feature  for  each  speci¬ 
men  in  Fig.  1  is  due  to  the  Cd ,  ,  Mn  ,Te  = 
-3/2  heavy  hole,  w,  =  -1/2  excitonic  transi¬ 
tion  and  its  position  gives  the  manganese  concen¬ 
tration  X.  A  noticeable  feature  of  the  reflectivity 
signals  from  the  Cd,  ,Mn,Te  layers  is  that  they 
are  sharp  when  the  spin  states  are  such  (filled 
data  points  in  Fig.  1)  that  the  Cd,  ,Mn,Tc  exci- 
ton  bandgap  is  less  than  that  of  the  adjoining 
C'd|  ,Zn,Te,  but  are  broadened  (open  data 
points)  when  the  converse  is  the  ca.se.  In  the 
latter  case  the  broadening  is  attributed  to  the 
Cd,  ,Mn,Tc  exciton  states  being  in  resonance 


Fig.  1.  Magnetic  field  dependence  of  exciton  energies  6)r 

Cd,  ,Mn,Te/('d,  ^Zn^Te  samples  SI . .S4.  from  reHec- 

tivity  spectra,  t.xcilons  associated  with  Cd,  »  Zn^Te  epilayers 
(broken  lines)  shift  only  slightly  with  field  (the  signals  for 
sample  SI  lie  higher  than  those  for  S2.  S.^.  S4  because  SI  has 
accidentally  high  Zn  content),  Brillouin  curves  (solid  lines) 
have  been  fitted  to  the  positions  of  e.xcilons  asstx'iated  with 
the  Cd,  ,Mn^Te  layers  (confinement  energies  and  diamag¬ 
netic  shifts  arc  neglected).  The  black  data  points  on  the  lower 
tr  ‘  prdarized  branch  (and  points  from  0  to  1  T  on  the  upper. 
<r  polarized  branch  for  sample  SI)  correspond  to  narrow 
resonances  features  in  the  reflectivity.  The  white  data  points 
on  the  upper  branches  represent  very  broad  reflectivity  fea¬ 
tures. 

with  the  clcctron-holc  continuum  of  the 
Cd,  Zn,.Te. 

It  can  be  seen  that  for  specimen.s  S3  and  S4  in 
Fig.  I,  the  zero-field  excitonic  bandgaps  of  the 
Cd,  ,Mn,Tc  layers  arc  greater  than  that  of  the 
Cd,  ^,.Zn,.Te;  for  SI  the  converse  is  the  case.  In 
zero-field,  it  is  therefore  only  in  SI  (.v  =  0.029) 
that  the  Cd,_,Mn,Te  layer  forms  a  potential 
well  for  excitons.  In  contrast,  creation  of  an  exci¬ 
ton  well  in  S3  and  S4  requires  (at  2  K)  fields  of 
1.0  and  1.7  T,  respectively.  Specimen  S2  is  an 
interesting  special  case  in  which  the  zero-field 
excitonic  bandgaps  are  very  nearly  equal. 
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Photoluminescence  spectra  were  recorded  un¬ 
der  excitation  from  the  visible  lines  of  an  argon- 
ion  laser.  The  excitation  penetrates  the  epitaxial 
layers  and.  in  all  cases,  PL  signals  were  observed 
from  the  substrate  (free,  donor-bound  and  accep¬ 
tor-bound  excitons)  and  from  the  Cd,  ^,Mn,Te. 
The  most  striking  feature  of  the  excitonic  photo¬ 
luminescence  spectra  is  that,  for  the  three  speci¬ 
mens  of  highest  manganese  concentration,  the 
intensity  of  the  emission  from  the  Cd,.  ,Mn^Te 
depends  very  strongly  on  the  magnetic  field  (see, 
e.g..  Fig.  2)  and.  above  a  certain  threshold  field, 
strengthens  markedly  as  the  depth  of  the  well  is 
increased.  Close  inspection  shows  that  the  thresh¬ 
old  field  is  not  the  field  required  to  make  the 
Cd,  ,Mn,Te  exciton  energy  equal  to  that  of  the 
Cd,  .^Zn^Te,  but  is  slightly  larger. 


10 .  •  •  •  *0 


0  25  T  Sample  S2 


1  67  1  ,66  1.65  1  64  1 .63  1 .62 

Energy  (eV) 

Fig.  2.  (a)  Rcflcctivily  spcclra  (unpolari/cd.  left  scale,  where 
a.u.  indicates  arbitrary  units)  and  (b)  luminescence  spectra  (in 
if'  polarization,  right  scale,  again  in  arbitrary  units)  for 
(*d,  .Mn^Te/Cd,  ^/.n,Te  sample  S2  at  field  values  from 
f).25  lo  6  T.  For  this  sample,  the  Cd,  ^/n/Fe  and 
Cd,  ,Mn,Te  cxciton  energies  almost  coincide  in  zero-field. 
The  well-defined  Cd,  ,Mn,Te  reflectivity-resonance  demon¬ 
strates  the  abrupt  "switching-on  "  of  an  exciltmic  quantum 
well  by  the  magnetic  field  By  contrast,  the  well’s  lumines¬ 
cence  develops  more  progressively. 
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Fig.  Amplitudes  of  luminescence  intensity  peaks  from  the 
confined  Cd,  ,Mn,Te  layers  at  various  values  of  magnetic 
field  and  temperature,  plotted  against  their  energy  positions. 
The  relation  betsveen  the  vertical  scales  for  samples  S2.  S.C  S4 
is  arbitrary  but  for  a  given  sample  the  scale  is  the  same  for  the 
different  temperatures.  The  thick  vertical  bars  at  l.n.‘'‘^2. 
I.b.^')l  and  l.b.^KP  eV  mark  the  (/ero-fieki)  energy  of  an 
cxciton  in  the  CvT  ,/.n,'Ve  barriers  (ct.  Fig.  1). 


We  have  also  measured  the  photolumines- 
cence  intensity  at  different  temperatures.  As  the 
temperature  is  inereased.  higher  fields  are  re¬ 
quired  to  produee  a  given  polarization  of  the 
Mn’  ■  spin  system  and  henee  to  produee  a  given 
change  in  the  excitonic  bandgap  of  the  Cd,  , 
Mn,Tc  layer.  The  threshold  fields  for  the  onset 
of  photoluminescenee  are  therefore  greater. 
However,  when  the  intensity  data  are  plotted  as  a 
function  of  the  Cd,  ,Mn,Te  e.xciton  energy 
(which  depends  on  both  field  and  temperature), 
the  threshold  t’ntrg/rv  for  the  onset  of  the  photo- 
luminescence  at  different  temperatures  are  found 
to  be  the  same  to  within  experimental  error  (see 
Fig.  .^a). 

For  the  specimens  S.^  and  S4  with  higher  man¬ 
ganese  concentrations,  the  threshold  fields  for 
the  appearance  of  the  photolumine.scence  are 
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greater  because  larger  fields  are  now  required  to 
induce  the  potential  wells,  but,  again,  the  thresh¬ 
old  energies  are  found  to  be  independent  of  tem¬ 
perature  (Figs,  3b  and  3c),  Moreover,  they  are 
found  to  be  approximately  the  same  (1.653  eV) 
for  all  three  specimens  S2,  S3  and  S4. 

We  conclude  that,  irre.spective  of  the  tempera¬ 
ture  and  irrespective  of  the  manganese  concen¬ 
tration,  the  Cd|  .Mn^Te  exciton  bandgap  has  to 
be  adjusted  to  lie  beneath  a  single  threshold 
value  before  the  Cd,  ,  Mn,Te  exciton  photolumi- 
nescence  can  be  observed.  A  particularly  impor¬ 
tant  result  is  that  this  threshold  energy  does  not 
coincide  with  the  excitonic  bandgap  of  the 
Cd|  ^Zn^Tc  layers,  but  lies  about  5  meV  lower. 

For  specimen  SI.  in  which  the  Cd,_,Mn,Te 
layer  has  v  =  ().()2‘).  the  PL  intensity  is  found  not 
ti>  be  a  strong  function  of  the  magnetic  field  and 
can  be  observed  even  in  zero-field.  This  is  as 
expected,  since  now  the  exciton  well  depth  is 
already  about  25  meV  before  the  field  is  applied. 

Finally,  when  the  magnetic  field  is  applied  in 
the  phme  of  the  epitaxial  layers  (Voigt  configura¬ 
tion)  for  specimen  S2.  we  again  observe  that  the 
excitonic  photoluminescence  appears  only  below 
the  threshold  energy  of  1.653  eV.  For  this  ar¬ 
rangement.  the  field-induced  shift  of  the  energy 
of  the  Cd|  ,  Mn^Te  excitonic  transitions  is  much 
smaller  than  when  the  field  is  normal  to  the 
planes  (because  the  magnetic  energy  of  the 
strain-split  h<)le  states  is  anisotropic  [4]).  For 
specimens  S3  and  S4  the  excitonic  transition  en¬ 
ergies  now  lie  above  1.653  eV  at  ail  field  values 
and  we  see  no  Cd,  ,  Mn  ,Te-related  photolumi¬ 
nescence. 


4.  Discu.ssion 

1  he  maximum  depth  of  the  conduction  and 
valence  band  quantum  wells  is  small  in  these 
samples  (particularly  for  S2,  S3  and  S4,  as  shown 
in  F'ig.  4).  Also,  the  width  of  the  Cd,  ,Mn,Te 
layers  was  deliberately  chosen  to  be  quite  large 
(2(1(1  A),  about  three  times  the  exciton  Bohr  ra- 

o 

dius  (70  A  in  CdTe).  In  this  situation,  excitonic 
energies  and  oscillator  strengths  are  best  de¬ 
scribed  in  terms  of  ‘‘centre  of  mass  quantization" 


[5],  The  individual  values  of  the  conduction  and 
valence  band  offsets  do  not  appear  in  this  de¬ 
scription;  in  particular,  it  is  inappropriate  to  at¬ 
tempt  to  decide  whether  an  exciton  is  spatially 
direct  (“type  I”)  or  indirect  ("type  H").  The 
exciton,  of  mass  M*=m*  +wiJ'.  is  confined  in 
the  simple  potential  well  formed  by  the  differ¬ 
ence  between  the  bandgaps  of  the  Cd,  ,Mn,re 
and  Cd,  ,  Zn^Te  layers  or.  more  precisely,  by  the 
difference  between  their  e.xciton  energies.  The 
observed  reflectivity  spectra,  particularly  the  im¬ 
mediate  development  of  a  sharp,  quantum-well 
associated  reflectivity  feature  when  the  magnetic 
field  pulls  the  exciton  energy  in  the  Cd ,  ,  Mn  ,1  c 
layer  below  that  of  the  exciton  in  the  confining 
Cd|_,Zn,Te  layers  (e.g..  Fig.  2a).  are  as  expected 
from  this  description. 

Wc  must  nevertheless  consider  the  possibility 
that  the  threshold  for  luminescence  is  associated 
not  with  the  exciton  bandgap  but  with  critical 
values  of  cither  the  conduction  or  valence  bands. 
In  Fig.  4  we  show  the  band  energies  of 
Cd,  ,Mn,Te  as  a  function  of  .v.  the  layer  being 
assumed  to  be  strained  to  the  Cd|,s^sZ.n,,  n.'l  c 
substrate.  In  calculating  these  energies  we  have 
followed  the  procedure  of  Peyla  ct  al.  [6]  ;md 
have  used  the  most  recent  estimates  of  the  con¬ 
duction  band  to  valence  band  offset  ratios  (O.fi 
and  1.0  for  nominally  unstrained  Cd,  ,Mn,Te/ 
CdTe  [7.8]  ;md  Cd,  , Zn /I'c/ 1 31  Te  [6].  respec¬ 
tively).  We  also  show  the  effect  of  saiurating  the 
manganese  magnetization  by  applying  a  high 
magnetic  field  normal  to  the  layer  pi. me.  For  all 
four  specimens  the  Cd,  ,Mn,'rc  forms  a  poten¬ 
tial  btirrier  for  holes  in  zero-field  and.  for  the 
appropriate  hole  orientation,  this  barrier  can  be 
changed  into  a  well.  We  can.  however,  discount 
the  possibility  that  the  threshold  energy  for  lu- 
munescence  is  associated  with  critical  values  of 
the  valence  band  offset  (for  example,  the  value  at 
which  the  valence  band  well  is  switched  on),  since 
the  threshold  value  of  1.653  eV  (specimen  S2)  is 
independent  of  field  direction  whilst  the  energies 
of  the  hole  states  are  not.  It  is  also  clear  that  the 
threshold  is  not  associated  with  a  critical  value  of 
the  conduction  band  offset,  since,  whilst  for  S4 
(jr  =  0.056)  the  Cd,  ,Mn,Tc  forms  a  (very  slight) 
electron  barrier  in  zero-field,  for  S3  (.v  =  0.050) 
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Fig.  4.  Energies  E,  and  /:\  of  the  conduction  and  valence 
hand  edge-  for  Cd,  ,Mn,Te  alloys  plotted  against  man¬ 
ganese  content  t.  ctimpared  with  and  for  unstrained 
C'd,  ,  Zn  ,Te  alloy  of  zinc  content  1 1.5''; .  The  C'd,  ,Mn,Te 
is  strained  to  the  Cd ,  ,  Zn  ,Te  lattice  parameter.  Energies  are 
based  on  best  literature  estimates  of  band  offset  ratios  and 
strain  effects  in  the  CdTe/Cd,  .ZnjTe  and  CdTe/ 
Cd|  ,Mn,Te  systems.  The  dotted  cunes  represent  the  band 
edges  for  C'd,  ,Mn,Te  with  Mn  '  spin  polarization  satu¬ 
rated. 


and  S2  ( .v  =  ().()3H)  the  electron  well  already  exists 
(it  is  1 5  meV  deep  for  S2).  It  is  also  evident  that 
to  require  a  critical  value  of  the  conduction  band 
offset  would  not  lead  to  the  same  value  for  the 
excitonic  threshold  energy  in  all  three  specimens. 

Thus  it  is  the  exciton  energies  that  are  the 
relevant  quantities.  One  might  at  first  sight  ex¬ 
pect  the  onset  of  the  photoluminescence  to  occur 
as  soon  as  the  Cd,  ,Mn,Te  cxciton  bandgap  is 
made  smaller  than  that  of  the  Cd,  ,Zn,Te.  In¬ 
stead.  a  threshold  energy  of  about  5  meV  appears 
to  be  necessary  before  the  excitation  can  transfer 
into  the  Cd,  ,Mn,Te  layer.  One  possibility  is 
that  this  energy  is  associated  with  the  exciton  spin 
system,  since  the  energies  of  the  excitonic  spin 
states  in  the  Cd  I  ,  Zn  ,Te  and  in  Cd,  ,Mn,Tein 
a  magnetic  field  are  arranged  in  the  opposite 


order,  so  that  both  the  electron  and  the  hole  in 
an  exciton  in  the  lowest  spin  state  in  the 
Cd,  ,  Zn,Te  have  to  undergo  spin  flips  on  enter¬ 
ing  the  Cd,  _,Mn,Te  well.  We  can.  however,  dis¬ 
count  this  possibility  since  it  would  not  lead  to  a 
sample  and  field  independent  energy  threshold. 
The  possibility  that  transfer  of  an  exciton  from 
the  Cd|^,ZnjTe  to  the  Cd|  _,Mn,Te  must  be 
accompanied  by  the  creation  of  an  optical  phonon 
[9]  can  also  be  eliminated  since  the  optical  phonon 
energies  are  about  20  meV.  well  in  excess  of  5 
meV. 

It  may  be  significant  that  5  meV  is  of  the  order 
of  the  ls-2s  energy  difference  (8  meV)  for  an 
exciton  in  these  materials.  Possibly  exciton  trans¬ 
fer  into  the  well  can  be  assisted  by  pa.s.sage  via 
the  2s  state  and  improves  progressively  as  higher 

excited  states  (.3s _ )  and  then  the  electron-hole 

continuum  of  the  Cd|_,Mn,Te  drop  below  the 
Cd,  _,  Zn,Te  exciton  energy. 


5.  Conclusions 

By  making  use  of  the  magnetic  tunability  of 
the  bandgap  in  a  dilute  magnetic  semiconductor, 
we  have  demonstrated  clearly  the  switching  on  of 
a  sharp  excitonic  reflectivity  feature  and  of  photo¬ 
luminescence  by  the  creation  of  a  previously 
non-existent  potential  well.  We  have  shown  that 
it  is  the  exciton  potential  well,  rather  than  the 
wells  seen  individually  by  the  electrons  and  holes, 
that  is  the  relevant  quantity.  The  experimental 
data  show  that  the  emission  occurs  only  when  the 
depth  of  the  exciton  well  in  Cd,  ,  Mn  ,Te  exceeds 
about  .3  meV,  this  threshold  value  being  indepen¬ 
dent  of  temperature  over  the  range  studied  (2  to 
lO  K)  and  independent  of  magnetic  field.  It  ap¬ 
pears  that  excitons  in  the  barrier  layers  cannot 
transfer  into  the  Cd,  ,Mn,Te  wells  unless  the 
exciton  state  in  the  well  lies  about  5  meV  below 
the  barrier  level. 
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Room  temperature  II-VI  lasers  with  2.5  mA  threshold 
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Abstract 

Buricd-ridge  II-VI  laser  diodes  operating  at  51 1  nm  at  room  temperature  were  fabricated  from  separate-confine¬ 
ment  heterostrueturcs.  The  layers  consisted  of  a  pscudomorphic  CdZnSe  quantum  well  and  lallicc-malched  ZnSSe 
light-guiding  and  MgZnSSc  cladding  layers.  Stripe  gain-guide  lasers  fabricated  from  similar  wafers  exhibited 
threshold  current  densities  as  low  as  63(1  A/cm’  and  threshold  voltages  less  than  d  V.  The  buried-ridge  devices 
operated  in  single  lateral  and  transverse  modes  under  pulsed  excitation  at  room  temperature.  Threshold  currents  as 
low  as  2.5  mA  and  50%  duty  cycles  at  room  temperature  were  demonstrated  with  these  structures.  A  conventional 
model  for  the  threshold  currents  was  used  in  an  initial  attempt  to  fit  the  thresholds  as  functions  of  cavity  length  and 
temperature  (100-325  K);  excitonic  mechanisms  were  not  included.  The  electron  lifetime  in  the  light-guiding  layer 
was  the  only  adjustable  parameter  in  the  model.  Good  agreement  between  measurement  and  theory  was  obtained 
with  the  electron  lifetime  taken  as  42  p.s:  this  value  also  agrees  well  with  independent  lifetime  measurements.  All 
reports  of  II-VI  diode  lasers  to  date  indicate  very  short  device  lifetimes  at  room  temperature.  Electroluminescence 
topography  and  TEM  studies  were  carried  out  on  both  LEDs  and  stripe  lasers  in  order  to  gain  insight  to  the  failure 
mechanisms  and  to  study  their  evolution.  Two  types  of  dark  line  defects  (along  the  <  1()0>  and  <  1 10>  directions)  and 
patches  with  extremely  large  densities  (1()"’  cm  ’)  of  a  dislocation  network  consisting  of  elongated  dislocation 
segments  were  ob.servcd  in  degraded  devices.  This  work  represents  the  first  detailed  study  I'f  II-VI  device  failure 
and  indicates  that  the  rapid  failure  is  due  to  the  formation  of  dark  defects  at  the  high  current  densities  required  for 
lasing. 


1.  Buried-ridge  devices 

Our  goal  is  to  develop  short-wavelength  lasers 
suitable  for  a  variety  of  applications  including 
optical  data  storage  where  low  threshold  currents 
and  single  lateral-mode  operation  are  required. 
While  the  development  of  wide  band  gap  11-Vl 
materials  has  attracted  much  attention  since  the 
first  demonstration  of  blue-green  injection  lasers 
[1],  little  advanced  device  design  has  been  rc- 
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ported.  Guided  by  the  success  of  buried-ridge  or 
buried-heterostructure  technology  in  111-V  laser 
diodes  [2.3],  we  report  the  first  II-VI  buried-ridge 
la.ser  diodes  operating  in  the  blue-green  (A  =511 
nm). 

The  epitaxial  layers  (Fig.  1)  used  for  these 
devices  were  grown  by  molecular  beam  epitaxy  on 
(l(K))  GaAs  substrates.  This  separate-confine¬ 
ment  structure  contains  nominally  lattice-matched 
MgZnSSe  cladding  and  ZnSSe  guiding  layers  and 
a  single  strained,  pscudomorphic  CdZnSe  quan¬ 
tum  well;  this  structure  was  first  described  by 
Gaines  et  al.  [4].  The  cladding  layers  arc  each  0.8 
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Kig.  1.  Schematic  diagram  of  a  huried-ridge  separate  conline- 
menl  laser  diode. 

/im  thick,  with  the  lower  and  upper  layers  doped 
to  10'  cm  ’  with  Cl  and  N  from  an  RF  plasma 
source  [.‘i],  respectively.  The  band  gap  of  the 
cladding  layers  is  2.85  eV;  the  composition  is 
estimated  to  be  Mg,,  |Zn||.,S„  isSci,^,.  The 
ZnS||||7Se||y,  guiding  layers  are  each  0.125  /im 
thick,  arc  doped  at  the  same  levels  as  their  adja¬ 
cent  cladding  layers,  and  have  a  2.72  cV  band 
gap.  The  quantum  well  is  grown  at  a  temperature 
of  150°C  by  "alternating  beam  epitaxy  (ABE)"  [6] 
and  consists  of  three  periods  of  (CdSc),(ZnSe)., 
thus  the  total  well  thickness  is  approximately  25 
A  and  the  effective  composition  is  Cu,,  ,,Zn|,,,7Sc. 
I  hin  (  <0.1  /xm)  heavily  doped  ZnSe  layers  arc 
included  at  the  top  and  bottom  of  the  II- VI  stack 
for  electrical  rantact.  The  p‘-ZnSe  contact  layer 
is  grown  at  l5(rC.  and  is  doped  to  N.^  -  .V,,  =  10''' 
cm  '. 

To  characterize  the  material.  20  /xm  wide 
gain-guided  lasers  were  fabricated,  using  high-re¬ 
flectivity  (W'i )  facet  coatings.  The  lowest  nnrm 
temperature  pulsed  threshold  current  density  was 
630  A/cm’  and  the  voltage  at  threshold  was 
slightly  less  than  9  V.  The  unacceptably  high 
operating  voltage  is  due  to  a  poor  electrical  con¬ 
tact  to  the  p-ZnSe  [7].  The  emission  wavelength 
at  room  temperature  is  51 1  nm. 

Fabrication  of  the  buried-ridge  devices  begins 
with  evaporation  of  a  0.25  /am  Au  layer  over  the 
p’-ZnSe  layer.  Photoresist  is  used  to  define  a 
ridge,  typically  2  or  3  /am  wide  and  Xe*  ion 
beam  etching  is  used  to  etch  through  the  Au  and 
the  upper  MgZnSSc  cladding  layer.  The  degree 
of  lateral  optical  confinement  in  these  laser  diodes 
depends  mainly  on  the  etch  depth.  Since  the 


etching  docs  not  extend  into  the  active  layer  of 
the  device,  edge  recombination  is  expected  to  be 
negligible.  After  etching,  the  sample  is  immedi¬ 
ately  transferred  through  air  to  an  evaporator  in 
which  ZnS  is  deposited  from  a  thermal  source 
containing  crystalline  ZnS.  The  etched  sample  is 
not  intentionally  heated  during  the  ZnS  deposi¬ 
tion.  The  thickness  of  the  deposited  ZnS  is  cho¬ 
sen  to  exactly  fill  the  areas  where  the  semicon¬ 
ductor  has  been  etched  away.  The  deposited  ZnS 
is  polycrystalline,  and  appears  to  grow  in  a 
columnar  structure.  The  ZnS  deposited  on  top  of 
the  remaining  photoresist  on  the  ridge  is  removed 
in  a  subsequent  lift-off  process,  leaving  a  nearly 
planar  surface  as  shown  in  Fig.  1.  The  final  step 
involves  evaporating  Ti-Au  over  the  original  Au 
on  the  ridge  and  over  the  evaporated  ZnS. 

The  buried-ridge  lasers  were  studied  under 
pulsed  current  injection  at  room  temperature. 
For  the  data  discussed  here,  the  pulse  width  was 
3(K)  ns  and  the  duty  factor  was  0.01  Cf  ,  although 
duty  factors  up  to  50^f  have  been  obtained.  Fig.  2 
shows  the  light  intensity  from  one  facet  as  a 
function  of  injected  current  and  applied  voltage. 
This  device  is  2  ;um  wide  at  the  quantum  well 
and  1.5  /xm  wide  at  the  top  electrode.  It  was 
cleaved  to  a  length  of  180  /am  and  both  facets 
were  coated  to  provide  reflectivities  of  90'^F  The 
resulting  threshold  current  is  2.5  mA,  which  is 
nearly  a  factor  of  20  lower  than  the  rwim-tcmper- 


Fig.  2.  The  /.  -  /  from  a  huried  riilge  device.  The  threshold 
currertl  is  2..*'  mA. 
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Fig.  3.  The  tar-field  pallern  from  a  buried-ridge  laser.  The 
FWMMs  are  and  13"'. 

ature  threshold  current  of  any  previously  re¬ 
ported  II-Vl  laser  diode  [8].  The  corresponding 
threshold  current  density  of  7()0  A/cm"  is  slightly 
larger  than  that  for  the  gain-guided  devices.  Pre¬ 
sumably  the  increase  is  due  to  added  optical  loss 
caused  by  scattering  from  the  ridge  sidewalls.  The 
single-facet  differential  quantum  efficiency  o! 
25‘'i  exhibited  by  the  device  of  Fig.  2  allows  us  to 
estimate  the  modal  cavity  losses  to  be  6  cm  '. 
This  value  equals  the  sum  of  scattering  and  free- 
carrier  losses. 

Fig.  3  shows  the  measured  far-field  pattern 
from  a  device  with  a  ridge  width  of  2  /xm  at  the 
quantum  well.  The  large  divergence  (FWHM  = 
29°)  in  the  direction  normal  to  the  junction  plane 
is  indicative  of  the  strong  optical  confinement 
provided  by  the  MgZnSSe  cladding  layers,  as 
reported  by  Gaines  et  al.  [4).  The  gaussian-like 
profile  in  the  direction  parallel  to  the  junction 
plane  (FWHM  =  13°)  indicates  that  the  device  is 
operating  in  a  single  lateral  mode  and  that  the 
lateral  confinement  is  also  quite  strong.  An  analy¬ 
sis  of  the  waveguide  indicates  that  the  FWHM  of 
the  near-field  optical  mode  is  0.32  /iff  ^  |tm. 
This  optical  beam  is  expected  to  be  suitable  for 
applications  requiring  a  diffraction-limited  .spot. 

Although  the  high  operating  voltage  of  these 
devices  is  obviously  undesirable,  the  most  serious 
concern  is  the  rapid  degradation  that  they  ex¬ 
hibit.  Heat-transfer  calculations  indicate  that  even 
with  junction-up  mounting  these  devices  should 


operate  cw  at  room  temperature.  This  is  sup¬ 
ported  experimentally  by  observations  of  laser 
operation  during  pulses  as  long  as  50  ^ls.  which  is 
longer  than  the  time  required  for  the  junction  to 
reach  thermal  steady-state.  Unfortunately,  at  the 
current  densities  required  for  cw  operation  the 
internal  quantum  efficiency  of  these  materials 
rapidly  degrades.  The  fast  degradation  is  dis¬ 
cussed  later  in  this  paper. 


2.  Modeling 

Next  we  describe  a  rudimentary  model  that 
predicts  the  dependence  of  the  threshold  current 
density  on  cavity  length  and  temperature.  The 
physics  is  identical  to  that  of  Ill-V  quantum  well 
lasers  -  particularly  those  using  strained  GalnAs 
wells.  This  work  extends  earlier  efforts  [9-11]  by 
including  strain,  the  separate-confinement  de¬ 
sign,  leakage  current  due  to  carrier  drift  and 
diffusion,  and  non-radiative  iccombination  in  the 
quantum  well. 

Our  model  first  calculates  the  temperature-de¬ 
pendent  gain  of  the  optical  mode  as  a  function  of 
the  two-dimensional  carrier  density  (/;=/?)  in  the 
quantum  well.  From  n  we  can  calculate  the 
threshold  current  density  which  includes:  ( I )  ra¬ 
diative  recombination  in  the  quantum  well,  (2) 
recombination  in  the  guiding  layers,  and  (3)  re¬ 
combination  in  the  cladding  layers  (which  is  neg¬ 
ligible).  The  available  gain  is  calculated  using  [ID] 


s  p)-  1)-  (') 

(2) 

4/7v(t;-h wj 

=  (1/m, -I- 1/Wh„)  (4) 

/(£)  =  1/(1 +e' ■'*'  ).  (5) 

tf„  =  kT  In  exp|— -  1  ,  (ba) 

=  In  exp|— -  I  .  (6b) 
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Here  Ej.„  and  £,'pp  are  the  Fermi  energies  in  the 
well  relative  to  the  first  bound  state,  N  is  the 
number  of  quantum  wells,  is  the  width  of  the 
optical  mode,  J  is  the  spin-orbit  splitting,  n  is 
the  refractive  index  of  the  quantum  well  and 
and  Pi,  are  two-dimensional  densities  of  states. 
These  equations  allow  us  to  directly  calculate 
g(ii)  and  they  are  simplified  by  the  fact  that  in 
the  thin,  highly  strained  CdZnSe  well,  there  is 
only  one  confined  band  for  the  electrons  and  one 
for  the  holes.  The  wells  are  intentionally  grown 
thin  to  keep  them  pseudomorphic;  the  resulting 
strain  shifts  the  light  hole  band  out  of  the  well. 
The  strain  also  affects  the  in-plane  hole  effective 
mass,  w,,,,  within  the  quantum  well  [12].  Band 
mixing  is  neglected  since  the  other  bands  reside 
at  much  higher  energies.  Intraband  relaxation 
broading  is  also  neglected,  as  is  often  done  in 
Ill-V  lasers,  despite  the  fact  that  electron-pho¬ 
non  coupling  is  stronger  in  II-VI  materials. 

The  radiative  recombination  within  the  quan¬ 
tum  well  may  be  calculated  using  the  sponta¬ 
neous  spectral  emission  rate: 

r,p(£)=rp£/[J(£-£J-£V„) 

r^  =  (8) 

The  current  due  to  radiative  recombination  in  the 
well  is 

l^  =  qNfrJE)dt.  (9) 

hf 

Dark  recombination  in  the  well  may  be  described 
by  a  carrier  lifetime; 

Jj=qNn/T^.  (10) 

The  calculation  of  the  leakage  current  into  the 
guiding  and  cladding  layers  includes  both  drift 
and  diffusion  and  takes  into  account  the  separate 
confinement  design  [l.^j.  It  is  worth  noting  that 
the  leakage  current  due  to  holes  is  much  smaller 
than  that  due  to  electrons  because  of  lower  mo¬ 
bilities,  higher  n-type  conductivity  and  Fermi  en¬ 
ergies  lying  closer  to  the  band  edge. 


Fig.  4.  The  measured  and  calculated  threshold  current  densi¬ 
ties  for  a  separate  confinement  laser.  The  major  components 
of  the  current,  due  to  spontaneous  recombination  and  leak¬ 
age,  are  also  shown. 


To  compare  the  model  with  experimental  data, 
the  threshold  current  was  measured  for  several 
blue-green  laser  diodes  as  a  function  of  tempera¬ 
ture.  The  devices  are  .separate  confinement  laser 
diodes  described  earlier  in  this  paper.  Fig.  4 
shows  the  measured  and  calculated  threshold 
current  densities  for  similar  devices,  from  80  to 
320  K.  The  measurements  are  taken  with  5(X)  ns 
pulses  and  a  0.01%  duty  factor  to  minimize  heat¬ 
ing  effects.  Both  facets  are  coated  to  provide  90% 
rcflectvities.  The  model  provides  an  good  descrip¬ 
tion  of  the  observed  threshold  current  densities 
over  the  entire  temperature  range.  The  only  ad¬ 
justed  parameter  is  the  minority  electron  lifetime 
outside  of  the  quantum  well.  r„.  The  value  used 
in  Fig.  4.  42  ps,  is  close  to  that  recently  measured 
(35  ps)  in  p-type  ZnSe  [14].  The  only  unknown 
parameter  is  the  carrier  lifetime  for  dark  recom¬ 
bination  in  the  well,  but  for  these  calculations,  it 
is  believed  to  be  sufficiently  long  (5  ns)  and  thus 
can  be  neglected. 

One  useful  result  of  these  calculations  is  the 
breakdown  of  the  threshold  current  into  individ¬ 
ual  components,  as  shown  in  Fig.  4.  These  data 
clearly  show  that  electron  leakage  across  the 
quantum  well  makes  a  significant  contribution  to 
the  total  leakage  current  at  temperatures  near 
and  above  room  temperature.  By  varying  the  pa¬ 
rameters,  we  learned  that  the  electron  leakage 
current  strongly  depends  on  both  and  the 
difference  between  the  laser  photon  energy  and 
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Fig.  5.  The  threshold  current  density  calculated  as  a  function 
of  emission  wavelength  (quantum  well  depth)  for  fixed  minor¬ 
ity  carrier  lifetime. 


the  band  gap  of  the  guiding  (barrier)  layers.  Fig.  5 
illustrates  the  latter  dependency. 

As  a  further  test  of  the  model,  we  measured 
the  threshold  current  density  in  several  diodes 
cleaved  to  various  cavity  lengths.  For  this  experi¬ 
ment,  the  facets  were  not  coated  (r,.  r.  =  0.21). 
Fig.  6  shows  the  relationship  between  the  total 
gain  (loss)  and  the  current  density  at  threshold. 
The  total  modal  gain  required  at  threshold  for 
these  devices  is  given  by 

g  =  a„+(l/2L)  ln(lA,r,),  (II) 

where  r,  and  r,  are  the  facet  reflectivities,  and  L 
is  the  cavity  length.  The  internal  optical  loss  in 
the  waveguide  a,,  is  deduced  from  differential 


Fig.  6.  The  measured  and  calculated  threshold  as  a  function 
of  injected  current  density. 


quantum  efficiency  measurements.  The  agree¬ 
ment  between  the  model  and  the  data  is  remark¬ 
able,  considering  that  there  are  no  adjustable 
parameters  (other  than  t„  which  was  established 
above). 

This  model  seems  to  accurately  predict  the 
behavior  of  the  threshold  current  density  in 
CdZnSe  quantum  well  devices  without  invoking 
excitonic  recombination  mechanisms.  Exciton-re- 
lated  stimulated  emission,  however,  has  been 
clearly  identified  at  low  temperatures  with  reso¬ 
nant  optical  pumping  and  it  has  been  speculated 
that  such  mechanisms  also  play  a  role  at  room 
temperature  [15].  While  the  success  of  our  non- 
excitonic  model  certainly  does  not  prove  that 
excitons  are  absent  at  room  temperature,  it  does 
suggest  that  their  effects  may  be  more  subtle  than 
first  anticipated.  Exciton-relatcd  gain  will  be  in¬ 
cluded  in  future  models. 


3.  Device  degradation 

While  there  have  been  several  papers  over  the 
past  two  years  that  deal  with  the  demonstration 
of  11-Vl  compound  blue  or  blue-green  light  emit¬ 
ting  devices,  there  has  been  no  work  that  seri¬ 
ously  addresses  the  issue  of  degradation  of  these 
devices.  Understanding  and  eliminating  degrada¬ 
tion  mechanisms  is.  however,  critical  since  they 
control  device  lifetimes:  a  major  problem  with 
ll-Vl  light  emitters  today.  For  example,  in  our 
laboratory,  blue-green  lasers  last  only  for  a  few 
minutes  to  an  hour  at  room  temperature  while 
light  emitting  diodes  (LEDs)  last  from  several 
minutes  to  a  few  days.  Here  we  report  the  first 
detailed  study  of  the  degradation  of  ll-VI  blue- 
green  light  emitters.  Through  studies  on  light 
emitting  diodes  and  gain  guided  stripe  lasers 
tested  at  room  temperature,  we  show  that  the 
degradation  is  related  to  crystal  defects  that  origi¬ 
nate  from  pre-existing  defects  and  propagate 
throughout  the  active  region,  acting  as  non-radia- 
tive  recombination  centers. 

The  results  described  here  are  from  a  quan¬ 
tum  well  laser  structure  grown  by  MBE  in  the 
following  sequence:  GaAs(l(X))  substrate/ n  *- 
ZnSe  buffer  (5(X)  A)/ n-ZnSSe  (1.85  fim)/ 
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CdZnSe  quantum  well/p-ZnSSe  (1.85  /xml/p^- 
ZnSe  (0.25  /xm).  The  ZnSSe  was  lattice-matched 
to  GaAs.  The  quantum  well  was  grown  at  150°C 
by  ABE  and  consists  of  4  periods  of 
(CdSe)|(ZnSe)j  resulting  in  a  mean  Cd  composi¬ 
tion  of  0.33.  Light  emitting  diodes  were  fabri¬ 
cated  by  depositing  a  250  /xm  diameter,  90  A 
thick  gold  dot  that  is  surrounded  by  a  0.1  /xm 
thick  Ti-Au  contact  ring.  Degradation  studies 
were  carried  out  on  these  LEDs  by  electrolumi¬ 
nescence  (EL)  microscopy  and  plan  view  trans¬ 
mission  electron  microscopy  (TEM).  Gain  guided 
stripe  lasers  with  100  A  thick  and  20  /xm  wide 
transparent  gold  electrodes  were  also  fabricated 
and  studied  by  EL  microscopy.  Electrolumines¬ 
cence  imaging  is  done  by  passing  the  light  exiting 
from  the  top  surface  of  the  LED  or  stripe  laser 
through  an  optical  microscope  system  allowing 
the  degradation  progress  to  be  studied  during 
device  operation.  Specimens  for  plan  view  TEM 
observation  were  made  from  the  degraded  LEDs 
by  a  combination  of  chemical  etching  and  ion 
milling  to  produce  electron  transparent  regions 
containing  the  quantum  well.  TEM  studies  were 
carried  out  in  a  JEOL  2(K)CX  microscope  at  200 
kV. 

Figs.  7a  to  7e  are  video  still  frame  EL  images 
showing  successive  stages  of  degradation  of  an 
LED.  The  current  density  during  the  test  was 
progressively  increa.sed  from  10  to  130  A/cm’. 
Fig.  7a.  taken  a  few  seconds  after  turn-on,  shows 
the  pre-existing  defects  in  the  structure;  these 
defects  exhibit  dark  contrast  since  they  act  as 
non-radiative  recombination  centers.  The  long, 
dark  lines  lie  along  the  [01 1]  direction  and  are 
misfit  dislocations  lying  in  the  quantum 
well/ZnSSe  interface.  The  faint  dark  spots  (indi¬ 
cated  by  the  arrow)  are  crystal  defects  that  cut 
across  the  quantum  well.  At  the  first  .stage  of 
degradation  (Fig.  7b),  the  faint  spots  become 
darker,  implying  enhanced  local  non-radiative  re¬ 
combination.  In  the  second  stage  (Fig.  7c)  these 
defects  emit  dark  line  defects  (DLDs)  along  <(K)I> 
direction.s,  similar  to  observations  made  for 
GaAs/AlGaAs  lasers  [16,17].  In  the  third  stage 
(Fig.  7d)  the  DLDs  break  up  into  elongated  dark 
patches  and  the  dark  spots  also  enlarge  individu¬ 
ally  into  such  patches.  Clusters  of  dark  patches 


Fig.  7.  EL  micTDgraphs  showing  the  vari<»u.s  stages  of  degrada¬ 
tion  of  a  light  emitting  diode. 


now  define  regions  of  very  piK»r  luminescence  on 
the  LED.  In  the  final  stage  of  degradation  (Fig. 
7c),  these  dark  patches  cover  the  entire  LED  and 
appear  to  assume  geometric  shapes  bounded  by 
(Oil)  directions  and  straight  lines  making  fixed 
angles  with  (01 1  >. 

Electroluminescence  studies  carried  out  on 
gain  guided  stripe  la.sers  at  1.5()()  A/cm’  current 
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Fig.  8.  EL  micrograph  of  the  surface  of  a  diode  laser. 


densities  and  0.(18'!^^  duty  cycle  also  showed  simi¬ 
lar  degradation  features.  Fig.  8  shows  a  still  frame 
taken  at  the  third  stage  of  degradation.  The  edge 
of  the  stripe  is  along  a  <011)  direction.  Misfit 
di.slocation.s.  <(K)1)  DLDs  and  dark  patches  are 
all  clearly  visible.  We  note  that  since  the  laser 
facets  were  uncoated  no  lasing  tKCurred  during 
the  tests. 

Plan  view  TEM  studies  on  the  as-grown  sam¬ 
ple  show  that  the  defect  structure  consists  of 
V-shaped  stacking  faults  that  originate  at  the 
substrate-epilayer  interface  and  rise  up  to  the 
epilayer  surface.  At  the  quantum  well/ZnSSe 
interface  these  stacking  faults  act  as  sources  for 
misfit  dislocations  that  arc  ejected  along  (Oil) 
direction  [18].  The  stacking  fault  density  mea¬ 
sured  by  l  EM  is  4  X  Id'  cm  ’.  This  is  in  reason¬ 
able  agreement  with  the  dark  spot  density  of 
7  X  10'  cm’  found  in  Fig.  7c.  t  his  suggests  that 
the  initial  degradation  originates  from  the  vicinity 
of  the  stacking  faults.  The  density  of  these  faults 
varies  from  sample  to  sample  even  when  the 
nucleation  of  ZnSe  is  two-dimeasional  and  rea¬ 
sons  for  their  origin  is  not  clear  at  the  pre.sent 
time. 

After  the  EL  studies,  a  specimen  for  plan-view 
TEM  was  made  of  the  LED  tested  in  Fig.  7. 
Degraded  regions  directly  under  the  Au  contact 
pad  as  well  as  adjacent  regions  not  under  the  Au 
pad  (therefore  not  degraded)  were  studied  for 


comparison.  Fig.  0  is  a  plan  view  micrograph 
showing  the  defect  structure  in  the  non-degraded 
part  of  the  specimen.  As  mentioned  earlier,  the 
stacking  faults  (indicated  by  arrow  1)  rise  to  the 
quantum  well  and  form  the  misfit  dislocations 
(arrows  marked  2).  No  other  defects  could  be 
seen  in  this  region.  We  now  turn  to  the  degraded 
region  of  the  sample.  Figs.  10  and  11  are  plan 
view,  bright  field  micrographs  (excited  with  or¬ 
thogonal  (022)  reflection.s,  re.spectively)  showing 
a  degraded  area  representative  of  the  final  stages 
of  degradation.  In  addition  to  the  stacking  faults 
(which  shows  vanishing  contrast  in  Fig.  1 1  due  to 
the  diffraction  conditions)  and  misfit  dislocations, 
patches  of  regions  containing  large  numbers  of 
small  defects  (arrows  marked  1)  can  be  seen. 
They  appear  to  be  a  network  of  small  dislocations 
with  elongated  segments  having  Unral  densities 
>  10"’  cm  ■  and  contribute  to  the  device  degra¬ 
dation.  Henceforth  they  will  be  referred  to  us 
degradation  defects.  These  patches  are  the  dark 
features  observed  in  Fig.  7e  and  appear  dark  in 
the  EL  micrographs  since  the  degradation  defects 


Fig.  y.  Pliin-view  bright  field  TFM  micrograph  of  a  non-de¬ 
graded  layer.  Arrows  1  and  2  indicate  a  stacking  fault  and 
misfit  dislocation,  respectively. 
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contained  in  them  act  as  non-radiative  recombi¬ 
nation  centers.  Since  the  EL  images  are  formed 
with  light  emitted  from  the  quantum  well,  the 
appearance  of  the  dark  patches  in  the  image 
indicates  that  the  degradation  defects  reside 
within  the  quantum  well.  This  conclusion  is  sup¬ 
ported  by  observation  of  electron  stereomicro¬ 
graphs.  The  degradation  defects  themselves  are 
aligned  along  both  the  <01 1 )  directions  contained 
in  the  (100)  interface  plane  as  can  be  seen  in  the 
bright  field  micrographs  of  Figs.  10  and  11.  The 
micrographs  also  show  that  only  one  set  of  degra- 


Fig.  lit.  Pliin-vicw  TF’M  micrograph  (two-beam  condition  (122) 
from  a  degraded  region.  Only  one  set  of  degradation  defects 
(marked  I)  are  visible. 


Fig.  1 1.  Plan-view  TEM  micrograph  (two  beam  condition  1)22) 
from  the  same  degraded  region  shown  in  Fig.  ID.  The  excited 
reflection  is  orthogonal  to  the  case  in  Fig.  10  and  conse¬ 
quently  the  visible  degradation  defects  (marked  Dare  perpen¬ 
dicular  ti>  those  in  Fig.  10.  The  stacking  fault  shows  vanishing 
contrast. 


dation  defects  are  observed  in  each  image,  with 
the  set  of  defects  with  their  lengths  perpendicular 
to  the  excited  (022)  reflection  being  absent.  When 
the  (040)  reflections  are  excited  on  the  other 
hand,  both  set  of  defects  arc  observed.  Assuming 
that  the  Burgers  vectors  are  of  the  usual  b  \a 
<110)  type,  this  would  indicate  that  the  Burgers 
vectors  of  these  defects  lie  in  the  interface  plane 
in  a  direction  along  the  lengths  of  the  defects.  We 
note  that  this  is  different  from  the  Burgers  vec¬ 
tors  of  degradation  induced  dislocation  networks 
in  GaAs/AlGaAs  lasers  which  make  an  angle  of 
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45°  to  the  interface  plane.  TEM  studies  indicate 
that  these  degradation  defects  appear  to  origi¬ 
nate  from  both  isolated  misfit  dislocation  seg¬ 
ments  as  well  as  from  the  vicinity  of  stacking 
faults  with  misfit  dislocations  propagating  from 
them. 

As  can  be  seen  from  both  the  EL  and  the 
TEM  images,  the  patches  formed  by  the  degrada¬ 
tion  defects  are  bounded  by  well  defined  direc¬ 
tions:  some  of  which  are  <01 1>.  The  TEM  studies 
show  that  these  directions  arise  since  the  patches 
are  often  bounded  on  one  or  more  sides  by  misfit 
dislocations  -  a  consequence  of  the  interaction 
between  the  stress  fields  of  the  misfit  dislocations 
and  the  degradation  defects.  As  may  also  be  seen 
from  the  TEM  micrographs,  the  degradation  de¬ 
fects  also  appear  to  end  abruptly  along  directions 
other  that  <011)  where  no  restraining  line  defect 
is  observed;  this  behavior  is  not  understood  at  the 
present  time. 

We  now  turn  to  the  consequence  of  defect 
formation  in  lasers.  The  studies  above  clearly 
show  that  the  degradation  of  the  devices  is  re¬ 
lated  to  the  propagation  of  crystal  defects.  For¬ 
mation  of  such  defects  reduces  the  light  emission 
from  the  device.  The  reduction  of  quantum  effi¬ 
ciency  drives  up  the  current  density  needed  to 
reach  threshold.  With  the  larger  injected  current 
comes  even  more  rapid  propagation  of  defects. 
This  run-away  process  eventually  leads  to  such 
large  current  densities  that  the  contacts  fail.  The 
observation  of  cw  lasing,  therefore,  is  primarily 
inhibited  by  the  rapid  formation  and  propagation 
of  degradation  defects.  We  note  that  although 
the  use  of  a  separate  confinements  lattice 
matched  structures  will  reduce  threshold  current 
densities,  as  demonstrated  recently  using  Zn- 
MgSSe  clad  layers,  methods  for  reducing  pre-ex¬ 
isting  defects  arc  necessary  for  long-lived  cw  laser 
operation. 


4.  Conclusion 

In  conclusion,  very  low-threshold  buried-ridge 
laser  diodes  have  been  fabricated  for  the  first 
time  in  ll-VI  semiconductors.  These  devices  emit 
at  511  nm  at  room  temperature  under  pulsed 


current  injection,  and  operate  in  a  single  lateral 
mode.  The  fabrication  process  is  thought  to  be 
manufacturable  and  results  in  a  planar  surface, 
suitable  for  die  bonding.  We  have  shown  that  the 
threshold  current  density  of  CdZnSc  quantum 
well  laser  diodes  can  be  accurately  predicted  with 
techniques  previously  developed  for  111-V  laser 
diodes.  At  room  temperature,  electron  leakage 
current  can  be  an  important  component  of  the 
total  threshold  current.  We  have  examined  the 
structural  aspects  of  II -VI  blue-green  light  emit¬ 
ter  degradation  by  fabricating  LEDs  and  stripe 
lasers  from  quantum  well  laser  structures.  Degra¬ 
dation  appears  to  occur  initially  by  the  formation 
of  new  crystal  defects  from  the  vicinity  of  pre-ex¬ 
isting  ones  such  as  stacking  faults.  These  defects 
propagate  along  <010)  directions  and  their  evolu¬ 
tion  finally  results  in  the  formation  of  patches  of 
regions  spread  out  across  the  device  and  consist¬ 
ing  of  high  densities  of  small  dislocations  that  lie 
in  the  quantum  well.  These  defects  act  as  non- 
radiative  recombination  centers  that  reduce  the 
light  emission  of  the  device. 
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Abstract 

We  have  demonstrated  the  feasibility  of  ZnMgSSe  as  cladding  layers  for  blue  and  blue-green  laser  diodes.  The 
ZnMgSSc,  fully  lattice-matched  to  GaAs  substrates,  suppresses  carrier  overflow  with  its  large  energy-gap  having  type 
I  hcterostructure  with  Zn(S)Sc.  This  has  led  to  a  successful  demonstration  of  room  temperature  pulsed  operation  of 
a  blue  laser  diode  with  a  wavelength  of  498.5  nm  and  room  temperature  CW  operation  of  a  523.5  nm  blue-green 
laser  diode  with  a  threshold  current  of  45  mA,  based  on  a  ZnCdSe/ZnSc/ZnMgSSe  SCH  structure. 


1.  Introduction 

II-VI  wide  gap  semiconductor  laser  diodes 
(LDs)  have  been  a  focus  of  attention,  since  Haase 
et  al.  reported  the  first  semiconductor  blue-green 
laser  diode  based  on  ZnCdSe/Zn(S)Se  [Ij.  The 
ZnCdSe/Zn(S)Se  system  has  intrinsic  problems 
caused  by  a  small  energy-gap  difference  between 
the  ZnCdSe  active  layer  and  the  Zn(S)Se  cladding 
layer.  This  makes  operation  at  a  high  tempera¬ 
ture  or  at  a  short  wavelength  difficult  due  to 
insufficient  confinement  of  injected  carriers.  For 
shorter  wavelength  laser  diodes,  i.e.,  for  LDs  with 
an  active  layer  made  of  ZnSe  or  ZnCdSe  with 
less  Cd  mole  fraction,  use  of  conventional  ll-Vl 
materials  such  as  ZnSc,  ZnS,  ZnTe,  and  CdS 
only  is  not  sufficient  to  fulfill  the  requirement  of 
carrier  confinement.  For  example,  ZnSTe,  which 
was  supposed  to  have  a  wider  energy  gap  than 
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ZnSe,  has  in  reality  an  energy  gap  narrower  than 
ZnSc  due  to  heavy  band-bowing,  while  ZnCdS. 
another  candidate  for  such  a  cladding  layer,  in¬ 
deed  has  a  wide  energy  gap  but  forms  a  type  II 
heterostructure  with  ZnSe.  Thus  these  two  mate¬ 
rials  are  not  suitable  for  the  cladding  layers  of 
wide  gap  ll-Vl  semiconductor  LDs  with  a  wave¬ 
length  of  less  than  ~  520  nm.  We  have  found 
that  ZnMgSSe,  with  an  energy  gap  tunable  up  to 
as  high  as  ~  4.5  eV  [2],  fully  lattice-matched  to 
GaAs  ((X)l)  substrates,  forms  a  type  I  het¬ 
erostructure  with  ZnSe.  Using  ZnMgSSe  as 
cladding  layers  for  wide  gap  II-VI  LDs,  we  al¬ 
ready  have  demonstrated  77  K  continuous  wave 
(CW)  operation  of  ZnSe/ZnMgSSe  multi-quan¬ 
tum  well  (MOW)  LD  with  wavelength  of  447  nm 
[3].  Since  then,  we  have  optimized  the  LD  struc¬ 
ture  improving  the  contacts  [4,5]  to  p-ZnSe.  Quite 
recently,  we  have  .succeeded  in  room  temperature 
(RT)  pulsed  operation  of  a  blue  LD  with  a  wave¬ 
length  of  498.5  nm  [6],  and  RT  CW  operation  of  a 
523  nm  blue-green  LD  for  the  first  time  [7]. 
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2.  ZnMgSSe  alloy  and  its  feasibility  as  a  cladding 
layer 

In  seeking  a  wide  energy-gap  material  that  is 
lattice-matched  to  GaAs,  ZnSSe  serves  as  a  good 
starting  material.  ZnS  has  an  energy  gap  of  3.80 
eV  (at  77  K)  with  a  lattice  constant  of  5.41  A. 
Needed  is  a  column  II  element  that  bonds  with  S 
or  Se  to  form  a  wide-gap  II-Vl  compound  with  a 
lattice  constant  larger  than  5.66  A,  the  lattice 
constant  of  GaAs.  Then  the  column  II  element  is 
to  be  mixed  with  ZnSSe  to  form  a  quaternary 
alloy.  The  reason  we  look  for  a  column  II  ele¬ 
ment  is  as  follows.  For  a  compound  semiconduc¬ 
tor,  its  conduction  band  is  made  mainly  from 
s-orbitals  of  the  cation  (the  column  11  element  in 
the  present  case),  and  its  valence  band  from 
p-orbitals  of  the  anion  (the  column  VI  element). 
Since  S  in  ZnSSe  modulates  only  the  valence 
band  with  respect  to  that  of  ZnSc.  it  is  the 
column  If  element  that  can  modulate  the  conduc¬ 
tion  band  with  respect  to  Zn(S)Se  for  confining 
electrons  in  an  active  layer. 

Generally,  compound  semiconductors  consist¬ 
ing  of  elements  sitting  in  upper  rows  of  the  Peri¬ 
odic  Table  have  a  wide  energy  gap.  because  the 
outermost  orbitals  of  the  upper  row  elements 
have  a  wide  spacing  in  energy.  Thus,  keeping  in 
mind  that  both  Zn  and  Se  are  in  the  fourth  row 
of  the  Periodic  Table,  we  postulate  that  the  col¬ 
umn  II  element  needed  to  make  the  energy  gap 
wider  will  be  in  between  the  first  and  the  third 
rows  (Postulate  a).  On  the  other  hand,  atomic 
radii,  in  general,  become  longer  as  the  row  num¬ 
ber  increases  in  the  Periodic  Table  (Tendency  1), 
because  the  number  of  orbitals  around  the  nu¬ 
cleus  increases  for  elements  in  lower  rows.  In 
each  row  of  the  Periodic  Table,  the  atomic  radius 
becomes  longer  as  the  column  number  decreases 
(Tendency  2),  since  the  positive  charge  of  the 
nucleus  is  less  for  small  column-number  elements 
in  that  row.  In  this  context,  the  column  II  ele¬ 
ment  needed  to  make  the  lattice  constant  larger 
will  be  a  small  column-number  clement  in  the 
fifth  row  or  lower  of  the  Periodic  Table  (Pos¬ 
tulate  b).  Since  Postulate  b  contradicts  Postulate 
a  sharply,  it  seems  impossible  to  have  such  a 
column  II  clement  that  enables  both  a  large 


Fig.  1.  Energy  gap  versus  lattice  constant  for  wide  gap  II-V'I 
.semiconductors  including  ZnMgSSe. 


lattice  constant  and  a  wide  energy  gap  concur¬ 
rently.  However,  because  Tendency  2  becomes 
stronger  for  upper  rows,  there  occurs  a  dramatic- 
reversal  in  Tendency  1.  i.e.,  upper-row  elements 
do  have  longer  covalent  radii  than  lower-row 
ones  for  specific  pairs  of  elements  [8],  For  column 
Ib.  Ag  in  the  fifth  row  has  a  larger  covalent 
radius  than  Au  in  the  sixth  row.  For  column  II 
materials,  i.e.,  the  current  focus  of  attention.  Mg, 
in  the  third  row,  has  a  larger  tetrahedral  covalent 
radius  than  Zn  in  the  fourth  row.  Note  that  for 
the  third  and  the  fourth  rows  the  column  111 
elements,  A1  and  Ga,  are  on  the  verge  of  the 
reversal,  i.e..  they  have  the  same  tetrahedral  co¬ 
valent  radius,  which  leads  to  the  well-known  fact 
that  AJAs  and  GaAs  have  an  identical  lattice 
constant,  a  fact  that  makes  a  wide-range  of  het¬ 
erostructure  physics  blossom  in  the  AlAs/GaAs 
system.  Exploiting  the  reversal  for  the  column  II 
elements,  we  finally  have  proved  that  Mg  in 
Zn(S)Se  makes  the  energy  gap  wider  and  the 
lattice  constant  longer  than  Zn(S)Se,  as  desired. 
In  the  lattice-conslant-energy-gap  plane  (Fig.  I). 
MgSe  (in  zinc-blende  structure)  and  ZnS  are  lo¬ 
cated  at  roughly  symmetrical  positions  with  re¬ 
spect  to  ZnSe  and  GaAs.  Incorporating  Mg  into 
ZnSSe  allows  us  to  cover  a  wide  range  of  energy 
from  2.78  to  ~  4.5  eV  (at  77  K).  remaining  fully 
lattice-matched  to  GaAs,  as  we  can  see  in  Fig.  I. 
Further,  from  the  common  anion/cation  rule,  the 
ZnSe/ZnMgSSe  system  is  shown  to  have  a  type  I 
hctcrostructure  [2],  Although  MgS  and  MgSc  nat- 
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urally  have  the  rock-salt  structure,  we  have  found  density  of  225  A/cm’  at  a  wavelength  of  447  nm 

that  ZnMgSSe  grown  on  GaAs  has  the  zinc  blende  [3].  Thus  we  believe  the  feasibility  of  ZnMgSSe 

structure.  In  addition,  from  a  reflection-spectrum  for  the  cladding  layer  of  blue  LDs  has  been  well 
measurement  [‘^],  we  have  found  that  ZnMgSSe  proven, 
has  a  refractive  index  smaller  than  that  of  ZnSe, 
as  shown  in  Fig.  2.  Those  two  facts  indicate  that 

both  photons  and  carriers  can  be  well  confined  in  3.  improvement  of  p-contacts  to  p-ZnSe 
the  ZnSe/ZnMgSSe  double-heterostructure 

(DH).  Encouraged  by  that,  we  tried  photo-  Reported  threshold  voltages  of  blue-green  LDs 

pumped  lasing  experiments  using  undoped  are  still  too  high  for  room  temperature  (RT) 

Zn(S)Se/ZnMgSSe  DH  structures.  We  have  sue-  operation.  We  must  suppress  parasitic  heating, 

ceeded  in  photo-pumped  lasing  at  temperatures  which  is  caused  mainly  by  a  poor  ohmic  contact 

up  to  500  K  [10],  This  proves  our  prediction  that  to  p-ZnSe.  We  need  a  lower  resistance  ohmic 

the  ZnMgSSe  forms  a  type  I  heterostructure  with  contact  to  p-type  ZnSe.  Our  effort  to  obtain  a 

ZnSe  and  has  a  refractive  index  smaller  than  that  good  contact  to  the  p-ZnSe  that  is  to  follow  the 

of  ZnSe.  It  also  suggests  that  ZnMgSSe  has  gorid  p-ZnMgSSe  cladding  layer  is  two-fold, 

thermal  stability.  For  current-injected  laser  oper¬ 
ation,  we  need  both  n-type  and  p-type  doping.  3.1  An  /  Pt  /  Pil  multi-Utycred  metal  to  p-ZnTc 
Using  ZnCK  we  can  dope  ZnMgSSe  with  an 

electron  concentration  up  to  3  X  10"'  cm  '.  Us-  Hg.Sc  was  found  to  form  ohmic  contacts  to 

ing  a  nitrogen  plasma  excited  by  electron  cy-  p-type  ZnSe  by  reducing  the  metal-  semiconduc- 

clotron  resonance  (ECR)  [11],  we  are  able  to  tor  interfacial  energy  barrier  [12].  ZnTe  is  an- 

dope  ZnMgSSe  with  a  hole  concentration  up  to  other  candidate  for  a  hole  injection  layer  for 

-1x10'^  cm“'  (for  2.95  eV  at  77  K).  p-contacts  among  ll-Vl  compounds.  ZnTe  is 

while  maintaining  a  high  epitaxial  quality  [3J.  promising,  because  it  can  be  doped  with  a  p-con- 

Thcn  we  grew  a  blue-light-emitting  ZnSe/  centration  above  10'"  cm  '  in  marked  contra.st  to 

ZnMgSSe  MQW  LD,  and  succeeded  in  77  K  CW  ZnSe  which  can  only  be  doped  as  high  as  ^  10'' 

operation  of  the  blue  LD  with  threshold  current  cm  '.  The  use  of  p-Zn  Te  with  other  II-VI  semi- 

Samplc  #  I  ♦ 

#  2 
#3  ■ 

#4 


Fig.  2.  Dependence  of  the  refractive  index  on  the  energy  gap  and  the  wavelength  for  the  i'n(MgKS)Se  system:  (1)  ZnSe;  (2).  (3) 
ZnSSc;  (h)-(  |(l)  ZnMgSSe. 
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conductors  such  as  ZnSe  and  recently  improved 
p-type  doping  techniques  [11,13,14]  makes  fabri¬ 
cation  of  high  performance  devices  possible.  Al¬ 
though  p-type  ZnTe  is  becoming  increasingly  im¬ 
portant,  ohmic  contacts  to  this  material  have  not 
been  studied  much.  The  most  commonly  used 
ohmic  contacts  to  p-ZnTe  are  Au  and  Ag  [15], 
However,  the  specific  contact  resistance  of  these 
metals  is  not  low  enough  for  practical  use.  Since 
the  work  functions  of  Pt  and  Au  are  large  (5.65 
and  5.1  eV,  respectively)  [16],  these  two  metals 
are  expected  to  form  a  good  ohmic  contact  to 
p-type  ZnTe.  A  thin  layer  of  a  reactive  transition 
metal  such  as  Pd  or  Ni  will  also  be  helpful, 
because  reactions  between  the  metal  layer  and 
the  surface  of  the  semiconductor  are  expected. 
Thus,  we  have  tried  Au/Pt/Pd  ohmic  contacts  to 
p-doped  ZnTe  grown  on  a  (001)  GaAs  substrate 
by  MBE.  The  p-type  doping  is  achieved  with  a 
nitrogen  plasma  e.xcited  by  ECR.  The  contact 
metals  are  evaporated  successively  in  an  electron 
beam  evaporator.  The  dependence  of  the  specific 
contact  resistance  on  the  Pd  layer  thickness  is 
shown  '  i  Fig.  3.  The  samples  are  annealed  at 
20()°C.  The  specific  contact  resistance  has  its  min¬ 
imum  at  the  Pd  thickness  of  5-10  nm,  for  which 
the  specific  contact  resistance  is  as  low  as  5  x  10“ " 
O  cm’  [4].  This  value  of  the  specific  contact 
resistance  is  two  orders  of  magnitude  lower  than 
that  of  Au  or  Au/Pt  contacts  to  p-ZnTe.  Thus 
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we  have  obtained  a  good  ohmic  contact  metal  to 
p-ZnTe. 

3.2.  ZnTe / ZnSe  resonant  tunnelini>  MQW 

The  remaining  problem  is  what  to  put  between 
the  p-ZnTe  and  the  p-ZnSe.  One  candidate  is  a 
ZnTe/ZnSe  pseudo-graded  layer,  which  has 
shown  to  be  feasible  [17],  In  this  case,  however, 
the  superlattice  is  more  a  substitute  for  a  graded 
ZnSeTe  ternary  alloy  whose  energy  gap  is  diffi¬ 
cult  to  design  due  to  large  band-bowing  than  a 
structure  to  bear  current  through  resonant  tun¬ 
neling  mechanism.  Focussing  on  the  latter  strat¬ 
egy,  we  propose  a  ZnTe/ZnSe  multi-quantum 
well  (MOW)  structure  whose  resonating  suP- 
bands  make  possible  a  quasi-ohmic  contact  to 
p-type  ZnSe. 

In  designing  the  resonant  tunneling  MOW 
structure  for  holes,  the  key  parameter  is  the 
valence  band  offset.  According  to  theories,  the 
valence-band  offsets  span  a  wide  range  of  0.3 
through  1.1  eV  [18],  The  prediction  of  the  linear 
combination  of  atomic  orbitals  (LCAO)  theory  is 
1.08  eV  for  a  ZnTe/ZnSe  heterojunction  [19], 
while  from  the  common  anion  rules,  the  valence 
band  offset  is  estimated  to  be  about  0.50  cV.  To 
clarify  the  valence  band  offset  experimentally,  we 
have  grown  on  a  (100)  GaAs  substrate  a 
ZnTe/ZnSe  OW  structure  having  0.3,  1,  2,  4,  and 
8  nm  wide  ZnTe  wells  isolated  by  50  nm  thick 
ZnSe  barriers.  Fig.  4  shows  a  spectrum  of  the 
photoluminescence  (PLF  at  4.2  K  from  the  OW 
structure.  We  have  observed  PL  from  the  wells, 
although  we  could  not  identify  the  PL  peak  from 
the  0.3  nm  thick  well.  The  inset  shows  the  experi¬ 
mental  result  together  with  calculated  values  for 
different  valence-band  offsets.  The  calculated  re¬ 
sult  is  derived  assuming  a  type  II  heterointerface 
between  ZnTe  and  ZnSe.  and  assuming  that  the 
origin  of  PL  emission  is  due  to  transitions  of  free 
electrons  to  the  lowest  hole  subband  in  the  va¬ 
lence  band.  Based  on  the  lattice-mismatch  be¬ 
tween  ZnTe  and  ZnSe,  the  energy  shift  due  to 
the  strain  is  assumed  to  be  177  meV,  indepen¬ 
dent  of  the  well-width  for  simplicity.  We  have 
used  the  hole  ma.ss  of  0.60  both  for  ZnSe  and 
for  ZnTe,  where  w,,  is  the  electron  mass  in 
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Fig.  4.  Phoioluminesccnce  spectrum  from  ZnTe/7nSc  quan¬ 
tum  wells  at  4.2  K.  The  inset  show*^  the  PL  energy  as  (unction 
of  well  width.  The  thin  line  is  for  the  net  J(£.\  of  ()..*'  cV  and 
the  thick  line  for  the  net  of  1.0  eV.  The  s(4id  circles 
show  the  experimental  result. 


vacuum.  The  net  valence  band  I'ffst-t  is  estimated 
to  he  about  0.5  eV  for  the  ZnTc/ZnSe  hct- 
erostructure  [5],  because  of  the  better  agreement 
between  experiment  and  calculation  for  the  net 
valence-band  offset  of  0.5  eV  than  for  that  of  1.0 
eV.  The  discrepancy  seen  for  the  wide  wells  ean 
be  aseribed  to  the  fact  that  we  have  assumed  a 
constant  strain-induced  energy-shift  where  the 
strain  distribution  should  be  considered. 

Valence  band  discontinuity  being  obtained,  we 
now  design  the  structure.  First,  the  total  thick¬ 
ness  of  the  MOW  is  set  to  be  roughly  equal  to  the 
ZnSe  depletion-layer  thickness  that  we  would 
have  for  an  abrupt  ZnSe/ZnTe  single  heteroin¬ 
terface.  Then  p-ZnTe/ZnSe  quantum  wells  are 
employed  whose  widths  are  so  designed  that  the 
lowest  hole-subbands  align  in  energy,  cancelling 
the  parabolic  potential  due  to  the  depletion,  al- 
kiwing  holes  to  tunnel  resonantly  from  the  top 
p-ZnTe  into  the  p-ZnSe.  As  shown  in  Fig.  5a,  the 
resonant  tunneling  MOW  consists  of  ().,5.  0.4.  0.5, 


Fig.  .‘S.  (a)  Schematic  valence-band  structure  of  the 
Znle/ZnSe  resiinant  tunneling  MOW.  Seven  thick  short 
lines  denote  the  lowest  hole  subband  for  each  well.  is  the 
well  (ZnTe)  width  and  /  „  the  barrier  (ZnSe)  thickness,  (b) 
l-V  characteristics  between  tw»i  resonant  tunneling  MOW 
p-contacts.  (c)  /  ('  characteristics  of  a  ZnSe-based  diode 
having  the  resonant  tunneling  MOW  p-contacl. 
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0.(1.  O.S.  1.1.  and  1.7  nni  thick  Znl'e  wells  sand¬ 
wiched  between  2  nm  thick  barriers  of  ZnSe,  the 
last  of  which  is  followed  by  the  top  p-ZnTe  layer. 
Hnergy  levels  calculated  for  the  quantum  wells 
are  also  shown.  As  shown  in  Fig.  5b.  the  p-con- 
tact  shows  ohmic  characteristics,  and  the  specific 
contact  resistance  obtained  is  as  low  as  5.0  x  10  - 
il  cm’  [4].  The  measured  resistance  consists  of 
the  contact  resistance  for  the  p-metal/p-ZnTe 
interface  and  that  for  the  ZnTe/ZnSe  MOW. 
The  measured  value  is  mainly  due  to  the  MOW, 
because  the  specific  contact  resistance  is  orders 
of  magnitudes  smaller  for  the  metal/p-ZnTe  in¬ 
terface  as  discussed  in  section  .^.1.  The  resistance 
can  be  lowered  by  optimizing  the  MOW  structure 
to  make  the  hole-transmission  probability  as  high 
as  possible.  An  example  of  improvements  brought 
by  the  resonant  tunneling  ZnTc/ZnSc  MOW  is 
shown  in  Fig.  5c  as  well  as  in  the  1-V  characteris¬ 
tics  discussed  in  section  4.  Note  that  the  applied 
voltage  is  5  V  for  the  current  of  ^  1(1  mA.  to 
which  the  threshold  current,  we  believe,  will 
e\entually  be  reduced  as  discussed  in  section  5. 
Optimization  of  the  resonant  MOW.  especially 
for  applied  net  voltages  of  order  I  V.  will  lead 
to  further  reduction  in  the  operation  voltage  of 
the  blue  LDs. 


4.  Room  temperature  pulsed  operation  of  a  blue 
laser  diode 

Since  a  good,  if  not  very  good,  p-contact  from 
the  p-electrode  to  the  p-cladding  layer  has  been 
thus  achieved,  we  then  optimize  a  blue-light  emit¬ 
ting  LD  using  a  ZnC'dSe/ZnSe/ZnMgSSe  sepa¬ 
rate-confinement  heterostructure  (SCH).  We  add 
a  small  amount  of  Cd  to  the  active  layer  to  obtain 
;t  sufficient  energy-gtip  difference  but  still  to  re¬ 
main  in  the  blue  region  of  wavelength.  Fhe  en¬ 
ergy  gap  h;is  to  be  more  than  -  0..45  eV  to 
prevent  electrons  from  overflowing  into  the  p- 
cladding  layer.  Fhe  schematic  structure  of  the  LD 
is  shown  in  F-ig.  6.  The  epitaxial  layers  for  the 
laser  diodes  are  grown  on  Si-doped  GaAsdlKI) 
substrates  by  molecular  beam  epitaxy  (MBL)  at  a 
substrate  temperature  of  2S()  C.  The  epitaxial 
layers  consist  of  (i)  an  n-ZnMgSSe  cladding  layer 


Fig.  Sclicnialic  slruclurc  t)l  ihe  7.n( 'dSc.  ZnSc  ZnVlgSSc 
sen  laser 


( /V,,  -  .V^  =  S  X  lO’  cm  (ii)  an  n-ZnSe  opti¬ 
cal  guiding  liiyer  '  '''  =  S  x  l()‘'  cm  ').  tiii) 

a  Cd,|  |,Zn,,^^  'c  single  quantum  well  active  layer, 
(i' 4  ,1  p-ZnSe  optical  guiding  layer  ( ,\\  -  .V,)  =  5 
X  lb'  cm  T.  (v4  a  p-ZnMgSSe  cladding  layer 
(A\-.\'|,  =  2x  It)'  cm  *).  (vi)  a  p-ZnSe  layer 
'^o  ~  7  s  lo'  cm  '),  (vii)  a  p-ZnSe/p- 
Zn'Te  MQW.  and  (viii)  a  p-ZnTe  contact  layer 
( /I  =  .5  X  10''  cm  where  .V^  -  .V,,  ( .V,,  --  .V.^ ) 
is  the  net  acceptor  (donor)  concentration  mea¬ 
sured  by  technique,  and  /;  the  hole  concen¬ 
tration  obtained  from  Hall  measurements.  The 
energies  of  the  band  edge  emission  of  ZnCdSe 
and  ZnMgSSe  at  77  K  are  2.(i2  and  2.0(i  eV. 
respectively.  The  energy  gap  difference  between 
the  active  ;md  the  cladding  layers  is  estimated  to 
be  .540  meV.  The  LD  has  a  lO  /zm  wide  stripe 
and  a  I  mm  long  cavity. 

Mounting  the  I,D  with  the  p-side  down  on  a 
heat  sink,  we  have  obtained  pulsed  laser  opera¬ 
tion  of  the  ZnCdSe/Zn.Se/ZnMgSSc  .SC'H  lasers 
at  room  temperature  with  uneoated  facets  [4]. 
Fhe  relationship  of  the  light  output  power  to  the 
current  is  shown  in  Fig.  7.  The  pulse  width  and 
the  repetition  rate  are  400  ns  and  250  Hz,  respec¬ 
tively.  The  laser  diode  operates  at  a  duty  cycle  as 
high  as  lO  '  at  2‘)5  K.  We  have  been  able  to 
obtain  a  r.  .A  ,  'pul-power  of  I. 50  mW  from 
each  lac  I  I  lie  slope  efficiency  is  0.25 
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Fig.  7.  I  - I  jnd  I-/  chantctcrislics  under  pulsed  operation 
at  R7  .  The  inset  shows  emission  spectni  of  the  laser  diode 
under  pulsed  operation  with  different  injection  levels  at  RT. 

W/A  per  facet  at  2*^5  K.  The  threshold  current 
/,h  is  280  mA.  which  corresponds  to  a  threshold 
current  density  7,,,  of  2.8  kA/cm’.  A  relatively 
small  voltage  of  -  12  V  is  applied  across  the 
diode  at  the  threshold  current  /„,.  which  shows 
that  our  rc.sonant  tunneling  MOW  p-conlact 
works  well.  The  emission  spectrum  at  room  tem¬ 
perature  is  shown  in  the  inset  of  Fig.  7.  The 
lasing  wavelength  is  498.?  nm.  which  is  the  short¬ 
est  for  RT  laser  operation  thus  far  reported.  The 
LD  has  a  lifetime  of  several  hours  under  the 
operating  conditions.  We  attribute  the  .short 
wavelength  lasing  to  the  use  of  the  wide  gap 
ZnMgSSe  cladding  layers  that  confine  carriers 
more  efficiently  than  the  conventional  ZnSSe 
cladding  layers. 


5.  Room  temperature  CW  operation  of  a  blue- 
green  LD 

For  CW  operation  [7].  we  have  made  the  en¬ 
ergy  gap  difference  between  the  active  layer  and 
the  cladding  layers  larger  than  the  case  of  section 
4.  We  also  have  employed  facet  coating  to  reduce 
mirror  loss.  Since  the  internal  loss  «  of  our  LDs 
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is  found  to  be  small,  i.c..  2-4  cm  '  [20].  highly 
reflective  (HR)  facet-coating  can  drastically  re¬ 
duce  the  threshold  current  density.  Except  for  a 
lower  Cd  content  in  the  active  layer  and  the 
absence  of  the  ZnTe/ZnSe  MOW  at  the  p-con- 
tact.  the  LD  structure  is  essentially  the  same  as 
the  one  shown  in  Fig.  6.  The  epitaxial  layers 
consist  of  an  n-ZnMgSSe  cladding  layer  ( A',,  - 
Af =  5  X  10’’  cm  '.  (I  =  1.5  nm).  an  n-ZnSe  opti¬ 
cal  guiding  layer  ( A'„  -  =  5  x  )()'’  cm  \  J  = 

80  nm).  a  ZnDxiCd,,  |,,Se  quantum  well  (9  nm).  a 
p-ZnSe  optical  guiding  layer  (  A\  -  A„  =  5  x  10'’ 
cm  d  =  80  nm).  a  p-ZnMgSSe  cladding  'ayer 
( -  A„  =  2  X  10'^  cm  '.  </ =  0.8  /ini).  a  p- 
ZnSSe  layer  (A,\-A„  =  8x  10 '  cm  '.  d  =  O.S 
/am),  and  a  p-ZnSe  contact  layer  ( -  A„  =  8  X 
10'^  cm  \  </ =  45  nm).  where  A.^  -  .A,,  (  A,, - 
A.^)  is  again  the  net  acceptor  (donor)  concentra¬ 
tion  and  d  is  the  layer  thickness.  The  designed 
band-gap  energies  of  the  ZnCdSe  and  the  Zn 
MgS.Se  are  2.54  and  2.94  eV  at  77  K.  respectively, 
and  the  energy-gap  difference  is  thus  400  meV. 
which  is  set  larger  than  that  of  the  blue  LD  in 
section  4  in  order  to  suppress  the  electron  over¬ 
flow  across  the  active  layer  under  the  CW  opera¬ 
tion.  The  p-ZnSe  top  contact  layer  is  chemically 
etched  off  leaving  a  5  fim  wide  mesa  stripe.  An 
insulating  layer  is  deposited  on  the  exposed  p- 
ZnSSe  layer  to  reduce  the  current  path. 
Pd/Pt/Au  multi-layered  metal  [4]  is  then  evapo¬ 
rated  onto  the  p-ZnSe  as  a  p-electrode.  Indium 
metal  serves  as  an  n-electrode  to  the  n-GaAs 
substrate.  The  wafer  is  cleaved  intt)  640  //m  wide 
bars,  whose  facets  are  then  HR-coated.  The  re¬ 
flectivities  are  70G  for  the  front  facet  and  95'f 
for  the  rear.  The  strips  are  then  cleaved  into  41M) 
/um  wide  pellets  and  each  pellet  is  mounted  with 
the  p-side  down  onto  a  copper  heat  sink. 

The  emission  spectrum  taken  at  RT  (296  K)  is 
shown  in  Fig.  8.  Stimulated  emission  is  observed 
at  wavelengths  of  521.6  nm  under  pulsed  opera¬ 
tion  and  52.^.5  nm  under  continuous  operation. 
The  inset  of  Fig.  8  shows  the  light-output  versus 
injection-current  (/.-/)  characteristics  of  the  laser 
diode  at  RT  (296  K)  measured  under  continuous 
and  pulsed-current  conditions.  For  l.-l  measure¬ 
ments  under  continuous  operation,  the  injection 
current  is  increased  from  zero  to  1(K)  mA  at  a 
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Fig.  S.  Emissuin  spectra  under  pulsed  and  continuous  opera¬ 
tion  at  RT.  The  inset  shows  L  -  I  characteristics  under  pulsed 
and  continuous  current  operation  at  RT. 


rate  of  500  mA/s.  The  pulsed  L-l  curve  is 
measured  with  a  pulse  width  of  2  /us  and  a 
repetition  rate  of  1  ms.  The  threshold  current  (/„, 
under  continuous  operation  is  45  mA  correspond¬ 
ing  to  a  threshold  current  density  of  1.4  kA/cm’. 
while  that  under  pulsed  operation  is  42  mA  cor¬ 
responding  to  a  threshold  current  density  of  1.3 
kA/cm’.  The  small  difference  in  the  threshold 
current  densities  for  CW  and  pulsed  operation  is 
ascribed  to  the  fact  that  the  SCH  LD  has  a  high 
characteristic  temperature  (T„}  of  216  K  bccau.se 
of  the  large  energy-gap  difference  between  the 
active  and  the  cladding  layers.  Slope  efficiencies 
under  pulsed  and  continuous  operation  are  0.34 
and  0.31  W/A,  respectively  [7].  The.se  character¬ 
istics  arc  comparable  to  conventional  IIl-V  ma- 
terials-bascd  LDs  for  optical  pick-ups.  The  volt¬ 
age  at  the  lasing  threshold  is  about  17  V,  because 
we  did  not  u.sc  ZnTc/ZnSe  MOW  at  the  p-con- 
tact.  The  LD  has  a  lifetime  of  ~  I  s.  We  believe 
that  we  will  be  able  to  realize  RT  C'W  operation 
of  blue  LDs  by  merging  the  two  efforts,  i.c.,  by 
aiming  at  a  short  wavelength  and  a  low  (operating 
voltage  as  shown  in  section  3,  and  by  pursuing  a 
low  threshold  current  as  discussed  in  this  section. 
A  high  p-doping  concentration  in  a  wide  gap 
ZnMg.SSe  is  e.s.scntial. 


6.  Conclusion 

We  have  demonstrated  the  feasibility  of  Zn- 
MgSSe  as  cladding  layers  for  blue  and  blue-green 
laser  diodes.  The  ZnMgSSe,  suppressing  carrier 
overflow  with  its  large  energy-gap  and  forming 
type  1  heterostructure  with  Zn(S)Se,  enables  us  to 
have  Il-Vl  semiconductor  blue  lasers  fully  lat¬ 
tice-matched  to  GaAs  substrates.  The  Zn- 
MgSSe/Zn(S)Se  system  is  of  potential  interest  to 
make  the  Il-Vl  wide-gap  semiconductor  physics 
blossom  just  in  the  same  way  as  AlAs/GaAs 
system  does  the  Ill-V  heterostruciure  physics. 
We  have  introduced,  as  well  as  the  Au/Pt/Pd 
multi-layered  metal  to  p-ZnTe,  the  ZnTe/ZnSe 
resonant  tunneling  multi-quantum  well  (MOW) 
through  which  the  holes  flow  via  a  resonant  tun¬ 
neling  mechanism  so  that  quasi-ohmic  character¬ 
istics  can  be  obtained  at  the  p-contact.  We  have 
succeeded  at  room  temperature  both  in  pulsed 
operation  of  a  blue  laser  diode  with  a  wavelength 
of  498.5  nm  and  in  CW  operation  of  a  blue-green 
laser  diode  with  a  wavelength  of  523.5  nm  and  a 
threshold  current  of  45  inA.  We  believe  that  we 
will  be  able  to  achieve  room  temperature  CW 
operation  of  a  blue  LD  by  lowering  both  the 
threshold  voltage  and  the  threshold  current,  opti¬ 
mizing  the  LD  structure  in  terms  of  the  energy 
difference  between  the  active/cladding  layers  and 
the  hole  tunneling/avalanche  efficiency  through 
the  ZnTc/ZnSe  MQW. 
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Abstract 

Pseudomorphic  hetcrostructures  with  increased  electrical  and  optical  confinement  were  used  to  improve  ll-Vl 
blue-green  laser  operating  characteristics.  These  lasers  employ  Zn,  ,Mg,S,Se,  ,  alloys  for  the  cladding  layers. 
ZnS,SC|  for  the  wavcguiding  layers  and  Zn,  X'd.Se  quantum  wells  for  the  active  layer.  The  defect  density 
through  the  active  layer  in  such  a  hctcrostructure  was  found  to  range  from  <  4  x  10'’  to  6  x  1(1''  cm  The  density 
found  in  the  active  layer  is  directly  related  to  the  growth  of  the  quaternary  alloy  which  is  often  accr'mpanied  by  a 
high  density  of  stacking  faults  and  threading  disliKations.  By  comparing  lasers  with  varying  defect  densities  a  direct 
correlation  between  the  threshold  current  density  and  the  structural  quality  has  been  observed.  The  lasers  with  the 
lowest  defect  density  have  threshold  current  densities  of  40(1  A/cm’  (without  facet  coating)  which  arc  the  lowest 
reported  for  II-VI  devices  and  comparable  to  .state-of-the-art  lll-V  devices. 


1.  Introduction 

The  lasing  characteristics  of  II-VI  bluc-grccn 
lasers  are  significantly  improved  by  using  Zn,  , 
MgjSjSe,  ,  and  ZnS^Se,  ^  and  ZnSe  for  the 
cladding  and  waveguiding  layers,  respectively.  The 
improvements  are  realized  because  of  the  in¬ 
creased  electrical  and  optical  confinement,  due  to 
the  increased  band  offsets,  and  the  higher  struc¬ 
tural  quality  resulting  from  the  pseudomorphic 
growth  of  the  entire  laser  heterostructure  (all  of 
(he  layers  are  nearly  Lattice-matched  except  the 
quantum  well  active  layer).  The  lowest  rrntm  tem¬ 
perature  threshold  current  density.  .^20  A/cm’ 


(  orresponding  author. 


(with  facet  coatings),  highest  operating  tempera¬ 
ture.  .404  K.  and  highest  room  temperature  peak 
power.  ()..S  W/faeet.  repirrted  to  date  have  been 
accomplished  with  these  lasers  [1].  Brief  room 
temperature  C'W  operation  has  also  been 
achieved  with  a  similar  structure  by  Nakayama  et 
al.  [2]  Their  structure  has  Zn,  ^Mg^S^Se,  , 
cladding  layers  and  ZnSe  guiding  layers.  Al¬ 
though  these  significant  strides  have  been  taken, 
research  efforts  are  still  required  to  improve  the 
electrical  and  structural  characteristics  of  the  ma¬ 
terials  to  produce  stable  long  lived  la.ser  devices 
for  commercial  applications.  This  report  will  dis¬ 
cuss  the  evolution  and  current  status  of  the  struc¬ 
tural  properties  of  the  epitaxial  layers  in  the 
H-Vl  blue-green  lasers  and  their  correlation  with 
the  laser  operating  characteristics.  The  structural 
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properties  of  the  heterostructures  were  investi¬ 
gated  by  transmission  electron  microscopy  (TEM). 
The  defect  density  through  the  active  layer  in 
pseudomorphic  heterostructures  was  observed  to 
range  between  <4x  10'’  and  6x  10''  cm  -  for 
different  growths  with  stacking  faults  and  thread¬ 
ing  dislocations  making  up  the  majority  of  the 
defects.  The  lasers  with  the  lowest  defect  density 
gave  the  best  operating  characteristics,  while 
those  with  higher  defect  densities  gave  corre¬ 
spondingly  worse  results.  Therefore  obtaining  re¬ 
producible  low  defect  density  heterostructures  is 
of  great  importance  to  the  development  of  these 
devices. 


2.  Experimental  procedure 

The  laser  structures  were  grown  with  a  Varian 
Gen  II  MBE  chamber  using  source  materials  of 
Zn.  Sc.  Cd,  Mg,  ZnS  (S  source).  ZnCl  (n  dopant) 
and  N,  (p  dopant).  All  growths  were  performed 
on  GaAs  (001)  substrates.  The  layer  combinations 
and  thickne.sscs  of  the  SCH  laser  samples  studied 
arc  shown  in  the  schematic  drawing  of  Fig.  I.  The 
nominal  S  and  Mg  fractions  in  the  quaternary 
cladding  layers  arc  between  0.08  and  0.12,  as 


f)S7 

estimated  by  X-ray  fluorescence.  I'he  guiding  lay¬ 
ers  in  the  first  sample  (Fig.  la)  are  made  of  ZnSe. 
while  those  in  the  second  sample  (Fig.  I  b)  are 
made  of  ZnS^Se,  ^  (with  y  =  0.06.  about  lattice 
matched  to  GaAs).  The  active  layer  in  all  the 
samples  is  a  Zn,  _Cd.Se  quantum  well  with  c  = 
0.2.  Gain-guided  lasers  of  sO  /cm  stripe  width  and 
1  mm  length  were  fabricated  using  a  patterned 
polyimide  layer  as  an  electrical  insulator  and  Au 
as  a  contact.  In  was  used  as  the  contact  ttt  the 
GaAs  substrate.  These  lasers  were  ttperated  with 
100  ns  pulses  at  a  frequency  of  I  kHz.  The  typical 
measured  operating  voltage  was  12  V  lor  a  device 
at  room  temperature.  Room  temperature  thresh¬ 
old  current  densities  as  low  as  .^20  A/cm'  hate 
been  obtained  with  facet  coating.  (Henceforth, 
current  densities  will  be  quoted  for  devices  with¬ 
out  facet  coatings.)  The  structural  characteristics 
of  the  epitaxial  layers  were  investigated  with 
TEM.  All  of  the  electron  micrographs  were  taken 
with  a  Philips  EM43()  operating  at  .'^OO  kV. 


3.  Results  and  discussion 

The  first  demonstrated  blue-green  lasers  were 
separate  confinement  heterostructures  (SGHs)  [,3] 


f  ij'  I.  SchcmaJic  drawing  ti!  ihc  S(1l  lasers  with  (a)  ZnSc  guiding  and  Z.nSjSc,  ,  cladding  layers  and  a  ct\mplctcK 
pseudomorphic  strucUirc  using /.nS, Sc,  ,  guiding  and /n , Mg,  ,S,Sc,  ,  cladding  layers. 
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as  the  one  depicted  in  Fig.  la.  The  cladding 
layers  were  ZnS^Se,  ,  with  y  =  0.06,  the  lattice 
matching  composition  to  the  GaAs  substrate.  The 
ZnSe  optical  guiding  layer,  however,  possessed  a 
lattice  mismatch  of  0.27%  to  the  substrate.  Since 
the  guiding  layer  thickness  was  greater  than  the 
critical  thickness  (1500  A)  for  relaxation  by  intro¬ 
duction  of  misfit  dislocations,  a  high  density  of 
misfit  and  threading  dislocations  existed  in  this 
region  of  the  structure.  Typical  densities  of 
threading  dislocations  through  the  active  region 
for  this  structure  range  from  10'*  to  lO**  cm  “  [4]. 


The  micrograph  in  Fig.  2  shows  a  cross-sectional 
TEM  image  of  the  threading  and  misfit  disl(x:a- 
tions  in  such  a  device  structure.  This  dislocation 
density  is  unacceptable  for  practical  devices. 
Densities  of  <  lO'*  cm  ’  are  needed  to  produce 
dislocation  free  devices  with  dimensions  of  5(K1  by 
lOfim. 

To  reduce  the  density  of  dislocations  in  SCH 
lasers,  the  entire  structure  should  be  grown  pseu- 
domorphically  (no  relaxation  by  misfit  disloca¬ 
tions,  i.e.  nearly  lattice-matched)  to  the  GaAs 
substrate.  As  mentioned  previously,  this  can  be 


Kig.  2.  ('rii>s-sectional  bright  field  TF.M  micrograph  of  the  laser  in  Fig.  I  a  showing  misfit  and  threading  dislwations  in  the  .uitm 
region.  Threading  disliK'ation  density  through  the  7.n,  .('d.Se  quantum  well  is  about  10'  cm 
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accomplished  by  a  structure  such  as  the  one 
shown  in  Fig.  lb.  The  active  layer  and  adjacent 
region  of  a  quaternary/ ternary  SCH  are  shown 
in  the  cross  sectional  TEM  micrograph  of  Fig.  3a. 
There  were  no  threading  dislocations  or  stacking 
faults  found  to  intersect  the  active  layer  in  the  50 
^m  length  of  cross  section  examined  which  corre¬ 
sponds  to  a  density  of  <  4  X  10'’  cm  assuming 
an  average  thickness  of  0.5  /cm  for  the  sample. 
This  density  is  low  enough  to  make  the  use  of 
TEM  impractical  and  the  development  of  a  reli¬ 
able  technique,  such  as  defect  etches  used  in 
III-V  materials,  is  necessary  to  know  if  the  den¬ 
sity  is  below  the  10^  cm’  level  needed  for  long- 
lived  stable  lasers. 

The  growth  of  the  quaternary  material  can  be 


Fig.  Bright-ficid  micrographs  of  the  active  region  of  the 
sen  laser  using  pseudomorphic  quaternary  and  ternary  layers 
with  (a)  low  defect  density  (  <  4x10'’  cm  ')  and  (h)  high 
defect  density  (hx  10"  cm 


Fig.  4.  Bright-field  micrograph  of  the  entire  quaternary/ 
ternary  SCH  laser  structure  with  the  high  defect  density 
showing  the  stacking  faults  starting  at  the  GaAs  substrate 
interface. 


accompanied  by  defects  such  as  stacking  faults 
and  threading  dislocations.  Consequently  in  some 
la.ser  .structures,  den.sities  of  stacking  faults  and 
threading  dislocations  ranging  upto  6  X  lO''  cm  * 
have  been  observed,  as  shown  in  Fig.  3b.  The 
.stacking  faults  appear  as  straight  dark  lines  in  the 
image,  starting  at  the  GaAs  substrate-lower 
cladding  layer  interface,  as  seen  in  Fig.  4.  The 
faults  are  present  throughout  the  entire  structure 
with  a  slight  decrease  in  density  towards  the 
surface.  The  density  of  defects  intersecting  the 
active  layer  is  about  6  X  10"  cm'",  which  is  .simi¬ 
lar  to  the  density  in  the  lattice-mismatched  struc¬ 
tures  described  previously. 

At  present  the  cause  of  the  stacking  faults  is 
not  understood.  The  source  of  the  faults  that 
start  at  the  GaAs  substrate -lower  cladding  layer 
interface  is  probably  provided  by  the  pregrowth 
surface  of  the  substrate  and/or  the  initial  stages 
of  epilayer  nucleation.  Fig.  5  is  a  TEM  micro¬ 
graph  of  the  GaAs  substrate-lower  cladding  layer 
interface  in  cross  section,  where  the  sample  has 
been  tilted  abtiut  30°  about  an  axis  in  the  inter- 
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face  plane  which  is  perpendicular  to  the  electron 
beam.  This  allows  .he  observation  of  the  interface 
plane  (between  the  dotted  lines  in  Fig.  5).  There 
is  a  dark  dislocation  loop-like  contra.st  in  the 
interface  plane  that  appears  to  be  associated  with 
the  stacking  fault-interface  intersection.  Further 
analysis  of  these  loops  is  needed  to  characterize 
their  nature,  which  may  give  some  insight  into  the 
formation  mechanism  of  the  stacking  faults. 

The  effect  of  the  defects,  stacking  faults  and 
threading  dislocations  on  the  threshold  current 
densities  of  la.ser  devices  was  found  to  be  .signifi¬ 
cant.  The  threshold  current  densities.  7,^  of  three 
SCH  quaternary  lasers  with  varying  defect  densi¬ 
ties  are  compared  in  the  plot  of  Fig  6.  The  >  ree 
lasers  are  identical,  except  for  the  ct  content 
and  a  slight  variation  in  Cd  comp^  ion  in  the 
active  region  (about  27r  absolute  based  on  PL 
emission  wavelength).  The  threshold  current  den¬ 
sity  is  increased  by  a  factor  of  four  between  the 
low  and  high  defect  density  lasers  at  nntm  tem¬ 
perature.  The  threshold  current  density  found  for 
the  lowest  defect  density  laser  is  comparable  to 
state-of-the-art  III-V  devices. [5]  Apart  from  the 


Fig  5.  Tilted  brighl-ficid  view  of  the  CiaAs  substrate- 
quaternary  interface  showing  the  disliK-ation  loop  contrast  at 
the  base  of  the  stacking  faults. 


Fig.  6.  Plot  of  threshold  current  densits.  7,,,  as  a  function  of 
temperature  tor  three  quaternary /ternary  SC*H  laser  struc- 


threshold  current  density  differences,  the  T„  val¬ 
ues  were  also  found  to  be  influenced  negatively 
by  a  high  dislocation  density.  T„  is  defined  as  the 
inverse  slope,  (d  In  J,^/(iT)'  of  the  7,^  versus 
T  curve.  The  increase  in  threshold  current  den- 
,sity  with  increasing  defect  density  is  explained  by 
the  defects  acting  as  non-radiative  recombination 
centers.  This  reduces  the  fraction  of  injected  car¬ 
riers  that  recombine  radiatively  in  the  active  layer 
and  hence  increases  the  threshold  current  den¬ 
sity. 

In  addition  to  the  effects  on  the  lasing  charac¬ 
teristics,  the  defects  are  a  source  of  degradation 
and  failure  of  devices.  The  process  of  dislocation 
motion  and  propagation  from  pre-existing  defects 
under  optical  [6]  and  injection  [7]  stimulation  in 
lll-V  lasers  has  been  well  documented.  This 
proce.ss  has  been  directly  related  to  the  failure  of 
devices.  Guha  et  al.  [8]  have  observed  similar 
degradation  in  electroluminescence  measure¬ 
ments  on  II-VI  lasers.  Dark  lines  appear  in  the 
device  along  crystallographic  directions  ([KKl]  and 
[110]),  which  increase  in  density  and  grow  with 
time  until  failure.  Investigation  of  these  degraded 
devices  by  TEM  found  high  densities  of  small 
dislocation  loops  around  pre-existing  misfit  dislo¬ 
cations  and  stacking  faults  that  correlated  well 
with  the  density  of  dark  lines  in  the  electrolumi- 
ne.scence  measurements. 
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4.  Conclusions 

The  performance  of  II-VI  blue-green  lasers 
can  be  significantly  improved  when  pseudomor- 
phic  heterostructures  are  produced  by  using 
Zn^Mg,^,S,Se|..j  as  the  cladding  layers.  The 
quaternary-containing  laser  structures  can  be 
grown  with  a  dramatic  decrease  in  defect  density 
compared  to  lattice  mismatched  structures.  The 
laser  with  the  lowest  defect  density  has  produced 
threshold  current  densities  which  are  comparable 
to  state-of-the-art  111-V  devices.  The  quaternary 
material,  however,  is  susceptible  to  high  densities 
of  stacking  faults  and  threading  dislocations.  The 
density  of  these  defects  has  a  direct  effect  on  the 
threshold  current  of  lasers. 
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Abstract 

Novel  visible  light  emitters  with  li  \v  turn-on  voltages  and  efficient  room  temperature  operation  have  been 
demonstrated  in  the  n-CdSc/p-/  >  To  heierojunction  separated  by  a  graded  Mg^Cd,  ,Se  injecting  region.  The 
successful  p-type  doping  of  ZiiTc  up  to  1  x  lO’"  cm  '  using  a  nitrogen  plasma  source  has  allowed  using  higher 
quality  GaSb  substrates  mid  growing  of  p-ZnTe  epilayers.  Diodes  with  ideality  factors  of  1,8  are  realized  with 
turn-on  voltages  near  that  of  the  bandgap  of  ZnTc.  This  deviation  from  an  ideality  of  1  may  be  due  to  using  too 
small  a  peak  Mg  concentration  in  the  Mg.Cd,  ,Se  layer  resulting  in  a  barrier  for  electron  injection  and  increasing 
recombination  at  the  interface. 


1.  Introduction 

1  he  wide  bandgap  II-VI  semiconductors  have 
seen  a  tremendous  advance  as  candidates  for 
optoelectronic  devices  since  the  announcement  of 
blue-green  laser  diodes  and  light  emitting  diodes 
(LEDs)  based  on  ZnSe  [1],  This  success  has  largely 
been  achieved  by  using  a  nitrogen  plasma  source 
as  a  p-type  dopant  during  growth  by  molecular 
beam  epitaxy  (MBE)  of  ZnSe  [2-4],  Unfortu¬ 
nately  this  progress  has  been  frustrated  by  the 
problems  of  obtaining  layers  of  p-ZnSe  and  p- 
ZnSSc  with  doping  levels  well  above  2  X  10"* 
cm  \  which  is  necessary  for  making  device-qual¬ 
ity  ohmic  contacts,  and  the  question  of  .stability 
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and  device  lifetime  [5],  Prior  to  these  difficulties, 
we  proposed  an  alternative  device  structure  based 
on  the  only  closely  lattice  matched  p-n  hetero¬ 
junction  pair  among  the  II- Vl  binaries,  namely 
CdSe/ZnTc  [6],  Ohmic  contacting  problems  arc 
avoided  since  this  heterojunction  pair  uses  the 
doping  types  which  tend  to  occur  naturally  in 
these  materials.  This  "graded  injector"  LED  op¬ 
erates  by  using  a  graded  IVlg,Cd,  ,Se  junction 
between  the  n-CdSe  and  p-ZnTc  to  allow  effi¬ 
cient  minority  carrier  injection  into  the  wider 
bandgap  material  to  take  place.  Early  devices  had 
been  limited  by  the  lack  of  a  suitable  p-type 
dopant  source  for  MBE  grown  ZnTc.  Thus,  the 
early  device  had  to  be  grown  on  pixjr  quality 
p-ZnTe  substrates,  and  we  had  to  rely  on  the 
p-typenc.ss  of  the  substrate  with  only  a  thin  buffer 
layer  for  device  operation.  Recently,  heavy  p-type 
doping  of  MBE  ZnTe,  with  doping  levels  ap- 
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proaching  1  X  lO'*'  cm“^  have  been  reported  us¬ 
ing  a  nitrogen  plasma  source  [7].  We  used  this 
same  technique  to  grow  low  resistivity  p-ZnTe. 
We  have  examined  the  graded  injector  LED  with 
epilayers  of  ZnTe :  N  grown  on  GaSb  substrates. 


2.  p-Doping  of  ZnTe 

Epilayers  of  nitrogen  doped  ZnTe  were  grown 
in  a  Perkin-Elmer  430P  MBE  system  on  (KM)) 
ZnTe  substrates  to  study  the  electrical  character¬ 
istics  of  ZnTe :  N  using  procedures  and  growth 
conditions  similar  to  those  previously  reported 
[7,8].  Nitrogen  doping  was  achieved  by  using  an 
Oxford  Applied  Research  RF  plasma  source,  with 
a  21  X  0,3  mm  aperture,  operated  at  125  W.  The 
nitrogen  flow  rate  was  controlled  with  a  precision 
leak  valve  which  was  set  for  these  experiments  to 
yield  a  chamber  pressure  in  the  range  6  x  10  ’  to 
1  X  10'''  Torr,  The  nitrogen  doped  layers  were 
each  grown  to  approximately  2  ^m  after  the 
growth  of  roughly  1  /urn  of  undoped  ZnTe.  Doped 
layers  of  ZnTe.  N  grown  under  these  conditions 
were  extremely  conductive  with  resistivities  of 
10"^  il  cm.  We  were  unable  to  significantly  re¬ 
duce  the  nitrogen  beam  flux,  while  maintaining  a 
plasma,  for  the  given  nitrogen  source  aperture. 
Therefore,  to  reduce  the  average  doping  concen¬ 
tration,  we  modulated  the  doping  in  a  superlat- 
ticc-type  fashion  by  repeatedly  growing  periods  of 
undoped  ZnTe  followed  by  doped  ZnTc:N.  Fig. 
1  shows  the  results  of  Flail  measurements  of 
three  different  epilayers  all  grown  to  roughly  the 
same  thickness:  one  continuously  doped  ZnTe :  N. 
and  two  modulated  doped  layers  with  periods  of 
500  A/50  A  and  5(K)  A/25  A  for  the  ZnTe/ 
ZnTe: N.  The  lack  of  any  temperature  depen¬ 
dence  is  characteri.stic  of  degenerately  doped  ma¬ 
terial.  The  modulated  doping  effectively  reduces 
the  average  carrier  concentration  and  increases 
the  resistivities  of  the  epilayers  by  up  to  2  orders 
of  magnitude  to  levels  more  appropriate  for 
LEDs,  and  improves  the  luminescence  efficien¬ 
cies  of  the  epilayers.  as  evidenced  in  the  rwrm 
temperature  photoluminescence  (FL)  intensities. 
This  modulated  doping  technique  was  incorp<j- 
rated  to  fabricate  graded  injector  LEDs. 


3.  Light  emitting  devices 

Light  emitting  devices  based  on  the  graded 
injector  design  [6]  have  been  grown  on  both  ( 100) 
GaSb  substrates  and  (KM))  p-ZnTe  substrates  in¬ 
corporating  a  modulated  nitrogen  doped  ZnTe 
layer.  Devices  grown  on  GaSb  showed  signifi¬ 
cantly  better  electrical  and  optical  properties  than 
those  grown  on  the  ZnTe,  so  we  concentrated  on 
those  with  GaSb  substrates.  A  GaSb  buffer  layer, 
approximately  3(MX)  A  thick,  was  first  gro'  m  a 
separate  Ill-V  growth  chamber  under  con^  ons 
previously  reported  [8],  The  sample  was  then 
transferred  via  an  ultra-high  vacuum  tube  to  the 
II-VI  chamber.  The  growth  of  the  device  struc¬ 
ture  then  proceeded  at  a  growth  temperature  of 
3(M)°C.  An  initial  3500  A  undoped  buffer  layer  of 
ZnTe  was  grown  followed  by  a  region  of  modu¬ 
lated  nitrogen  doped  ZnTe.  This  doped  layer  was 
40  periods  of  15  A  ZnTe  :  N/250  A  ZnTe.  Next, 
the  graded  Mg,Cd|.,Se  and  CdSe:AI  layers 
where  grown  with  estimated  thickness  of  .3(M)  and 
250  A.  respectively.  The  peak  Mg  concentration 
was  measured  by  X-ray  photoelcctron  spec¬ 
troscopy  of  bulk  layers  of  Mg,Cd|_,Se  to  be 


Fig.  1.  Mall  data  as  a  function  of  temperature  for  (a)  carrier 
concentration  and  (b)  resistivity  of  nitrogen  doped  epilayers. 
The  modulated  doped  period  thicknesses  are  given  as  un- 
doped/doped. 
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X  =  0.6.  The  Mg  grading  was  obtained  by  shutting 
off  the  power  to  the  Mg  cell.  The  Mg  flux  tran¬ 
sient,  monitored  by  a  residual  gas  analyzer,  was 
used  to  set  the  CdSe  growth  rate  to  achieve  the 
desired  grading  thickness.  The  band  diagram  of 
an  idealized  LED  structure  is  shown  in  Fig.  2a.  In 
this  ca.se  we  have  assumed  the  common  anion 
rule  for  the  valence  band  edge  of  the  Mg  ^Cd ,  _  ^Se 
and  CdSe  layers,  and  continuous  grading  of  the 
conduction  band  edge.  Device  simulations  show 
that  the  exact  shape  of  the  grading  is  not  impor¬ 
tant  to  device  operation.  But  as  we  will  show,  the 
conduction  band  edge  alignment  is  crucial  to 
optimal  performance. 

Diode  mesas  were  lithographically  defined  with 
areas  of  1.8  X  !()'■’  cm'.  Electrical  isolation  was 
formed  with  a  0.5%  bromine :  ethylene  glycol  wet 
etch  4000  A  into  the  p-ZnTe  layer,  well  beyond 
the  p-n  junction.  Lateral  ohmic  contacts  to  the 
p-ZnTe  and  top  contacts  to  the  CdSerAl  were 
made  with  evaporated  Au/Ge  and  standard  lift¬ 
off  procedures.  The  devices  were  then  wire 
bonded  and  electrically  and  optically  character¬ 
ized. 


Position  (Angstroms) 

Fig.  2.  (a)  Flatband  diagram  of  an  Ideal  graded  injection 
device  with  a  continuous  conduction  band,  (b)  Flatband  dia¬ 
gram  for  a  .FDtl  meV  discontinuity  in  the  conduction  band 
grading. 


Fig.  RiHim  temperature  electrical  characteristics  of  the 
recent  graded  device  compared  to  the  earlier  reported  device. 


The  room  temperature  electrical  characteris¬ 
tics  of  the  present  device  and  the  LED  first 
demon.strated  [6]  are  shown  in  Fig.  3.  We  see  that 
many  of  the  earlier  device's  shortcomings  have 
been  eliminated  by  being  able  to  grow  doped 
layers  of  p-ZnTe.  The  high  series  resistance  of 
the  earlier  device  was  due  to  the  ZnTc  substrate, 
and  the  high  turn-on  voltage  was  probably  due  to 
charging  of  traps  in  the  thin  undoped  ZnTc  epi- 
laycr.  The  present  devices  turn  on  at  roughly  the 
bandgap  of  ZnTc.  Since  we  have  a  thin  1  Aim 
layer  of  roughly  0.1  S2  cm  p-ZnTe  and  have 
lateral  contacts,  most  of  the  25  fi  series  resis¬ 
tance  in  the  present  device  is  due  to  the  current 
spreading  through  the  thin  epilayer  and  not  from 
the  contact  or  junction  region.  This  has  been 
substantiated  by  the  linear  dependence  of  the 
resistance  as  a  function  of  contact  to  contact 
separation  on  the  p-ZnTe  epilayer. 

To  better  understand  the  current  injection 
mechanisms  in  the  LED,  we  plot  the  current 
density  on  a  log  scale  as  seen  in  Fig.  4.  From  this 
we  can  extract  the  ideality  factor  (n)  for  the 
diode.  We  measure  an  ideality  of  n  =  1.8.  indicat¬ 
ing  predominantly  a  recombination  current  rather 
than  a  diffusion  current.  Also  plotted  with  the 
experimental  data  are  results  from  device  simula¬ 
tions  based  on  the  drift-diffusion  transport  equa- 
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tions  [‘^].  The  lower  curve  is  calculated  from  the 
“ideal"  case  corresponding  to  the  band  diagram 
shown  in  Fig.  2a  with  a  continuous  grading  of  the 
conduction  band.  Not  surprisingly,  the  ideality  for 
this  case  is  /i  =  1.  When  we  model  the  device  as 
per  the  “non-ideal  structure"  shown  in  Fig.  2b 
with  a  discontinuous  junction  we  obtain  the  other 
calculated  curve  in  Fig.  4.  Flere  the  conduction 
band  of  the  Mg,Cd|_,Se  grades  to  300  meV 
below  ZnTe.  This  leaves  a  barrier  blocking  elec¬ 
tron  injection,  and  the  resulting  carrier  accumula¬ 
tion  leads  to  increased  recombination  at  the 
Mg,Cd|  _,Se/ZnTe  interface.  This  offers  a  bet¬ 
ter  approximation  to  the  experimental  data  con¬ 
sistent  with  the  ideality  factor.  It  would  appear 
that  in  our  device  we  have  undershot  the  conduc¬ 
tion  band  of  ZnTe  and  hence  have  a  barrier  that 
holds  carriers  for  recombination,  thereby  reduc¬ 
ing  the  injection  efficiency.  With  our  present  de¬ 
vice.  we  only  have  an  estimate  for  the  Mg  concen¬ 
tration  in  the  junction  and  a  large  discrepency  in 
the  value  of  the  bandgap  of  MgSe  ranging  from 
3.6  to  5.6  eV  [10.1 1].  So  it  is  very  unlikely  that  we 
are  grading  the  conduction  band  precisely  from 
CdSe  to  ZnTe.  In  addition,  preliminary  band 
offset  measurements  for  MgSe  suggest  that  the 
common  anion  rule  does  not  apply  and  that  the 


rig.  4.  f  Apcrimcnial  J  \'  compared  lo  various  device  simula¬ 
tion  parameters.  The  ideal  device  corresponds  lo  the  slrucliire 
in  Fig.  2a  and  the  non-ideal  device  is  depicted  in  Fig.  2h. 


f-'ig.  5.  Rm>m  temperature  eleclrt'luminescence  spectrum  op¬ 
erated  at  20  mA  and  2.7  V. 


valence  band  of  Mg.Cd,  ,Se  would  be  lower 
than  that  of  CdSe  [12].  Since  the  conduction  band 
alignment  is  crucial,  the  peak  Mg  concentrations 
may  have  to  been  increased  to  widen  the  bandgap. 

In  spite  of  me  reduced  injection  efficiency,  this 
device  turns  on.  as  exhibited  by  the  onset  of  room 
temperature  electroluminescence  (EL),  at  about 
1.65  V.  So  we  are  obtaining  electron  injection 
with  carriers  thermalizing  over  any  potential  bar¬ 
rier  at  the  junction  interface.  One  noticeable 
problem  with  the  present  devices  is  the  degener¬ 
ate  doping  levels  of  the  ZnTe:N.  As  seen  in  the 
f:l  in  Fig.  5  as  well  as  PL.  the  high  doping  levels 
lead  to  the  formation  of  deep  recombination  cen¬ 
ters  not  ob.servable  in  undoped  ZnTe  epilayers 
and  h)wer  doped  ZnTe ;  N  [7].  We  therefore  ex¬ 
pect  this  problem  to  be  corrected  by  adjusting  our 
nitrogen  source  to  reduce  the  beam  flux.  Devel¬ 
opment  of  other  p-type  doping  sources  employing 
As  or  Sb  could  also  result  in  a  .solution  r)f  this 
problem  and  could  result  in  doping  more  appro¬ 
priate  for  visible  light  emitters.  The  two  near  gap 
emission  peaks  about  60  and  135  meV  smaller 
than  the  band  gap  of  bulk  ZnTe  are  also  at¬ 
tributed  to  the  nitrogen  impurity.  Fhe  high  en¬ 
ergy  peak  is  similar  to  that  previously  observed  in 
ZnTe :  N  [7]. 
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4.  Summary 

In  conclusion,  we  have  used  modulated  doped 
ZnTe:N  to  fabricate  graded  injecting  LEDs  on 
GaSb  with  greatly  improved  electrical  character¬ 
istics.  Device  simulations  coupled  with  our  re¬ 
vised  estimates  for  the  band  offsets  suggest  that 
the  current  devices  have  a  barrier  between  the 
conduction  band  edge  of  the  Mg,Cd,  ,Se  layer 
and  the  ZnTe.  This  barrier  acts  to  accumulate 
electrons  resulting  in  reduced  injection  efficient'v 
and  diode  characteristics  that  have  ideality  fac¬ 
tors  differing  from  one  but  less  than  two. 

However,  in  spite  of  the  non-ideal  character  of 
the  current  devices,  we  observe  electron  injection 
and  a  low  turn-on  voltage  lor  light  emission  at 
ro()m  temperature. 
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Abstract 

The  electrical  and  optical  operation  of  ZnCd,Sc,  ,/ZnSe/ZnS,SC|  ,  and  Zn,  ,Cd,Se/ZnS,.Se|  ,/ 
Zn,  .Mg.S„Se|  „  quantum-well  blue-green  injection  lasers  were  studied  by  numerical  simulation.  The  physical 
model  in  this  study  is  based  on  the  self-consistent  solution  of  Poisson's  equation,  the  current  continuity  equations, 
including  the  thermionic  emission  theory  for  carrier  transport  across  heterojunctions,  the  photon  rate  equation  and 
the  scalar  wave  equation.  The  optical  gain  of  strained  quantum  well  lasers  was  calculated  using  k  ■  p  theory  based  on 
the  inter-band  electron-hole  pair  recombination.  Good  agreement  was  obtained  between  the  experimental  and  the 
calculated  Zn, .  ,Cd,Se/ZnS,.Se| .  ./Zn,  _  .Mg.S„Se,  laser  characteristics,  over  a  wide  temperature  range  of  S.S 
to  .194  K.  without  including  cxcitonic  effects. 


1.  Introduction 

Following  (he  first  successful  implementation 
of  ZnCd,Se|  ,/ZnSc/ZnS,Se,_,  [1]  strained 
quantum  well  (QW)  injection  lasers  in  the  blue- 
green  emission  range,  several  groups  calculated 
optical  gain  for  these  new  devices  (2-4j.  Similarly 
to  the  Ill-V  lasers,  the  gain  calculations  of  11-VI 
semiconductor  lasers  were  based  on  the  theory  of 
stimulated  emission  of  free  electron-hole  plasma 
with  momentum  conserving  transitions  between 
electric  subbands  in  strained  quantum  wells.  The 
band  structure  and  the  electron  and  hole  wave 
functions  were  obtained  from  k  p  method  ap¬ 
plied  to  strained  QW  (5]. 

Recently  it  was  sugge.sted  by  Ding  cl  al.  [6.7] 
that  the  optical  gain  in  Zn,  ,Cd,Sc  QW  lasers, 
particularly  at  low  temperature.s,  may  ari.se  from 
a  recombination  via  ItKalized  excitonic  states. 


They  found  that  the  energy  of  lasing  photons 
corresponds  to  the  low  energy  tail  of  the  exciton 
luminescence  spectrum.  Moreover,  from  the  opti¬ 
cal  pump  experiments,  it  was  established  that 
stimulated  emission  is  observed  when  the  inci¬ 
dent  beam  energy  was  in  resonance  with  the 
cxciton  absorption  [6,7].  However,  to  conclude 
that  the  gain  in  a  blue-green  injection  laser  comes 
from  the  identical  excitonic  recombination  mech¬ 
anism  as  demonstrated  in  optically  pumped  lasers 
would  be  a  large  simplification.  The  usual  aigu- 
ment  is  that,  created  by  photons,  an  electron-hole 
pair,  of  nearly  same  momentum,  can  form  an 
excitonic  bound  state  much  easier  than  electrons 
and  holes  externally  injected  into  the  QW  from 
the  barrier  region  with  completely  different  en¬ 
ergy  and  momentum.  Here  we  present  the  results 
of  the  calculated  laser  output  characteristics,  .such 
as  light  emission  power  versus  current  (/.-/), 
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which  were  obtained  using  the  conventional  the¬ 
ory  of  free  electron-hole  recombination.  Com¬ 
parison  of  these  results  with  experimental  data, 
would  test  a  significance  of  the  possible  excitonic 
gain  enhancement  in  the  blue-green  injection 
lasers. 


2.  Physical  model 

In  this  work  a  complete  simulation  of  some 
blue-green  injection  lasers,  ZnCd^Se,  ,/ZnSe/ 
ZnSjSci^^  (stmciiire  I)  and  Zn|_,Cd,Se/ 
ZnS^Se,  _  j/ Zn  I  _  ,  Mg  .S„Se|  {structure  II) 
[1.8],  was  performed  using  conventional  electron- 
hole  plasma  theory  for  the  optical  gain  in  strained 
quantum  well  lasers  [9]  and  classical  one-dimen¬ 
sional  transport  in  semiconductor  heterostruc¬ 
tures  [10.11].  The  physical  model  is  based  on  the 
self-consistent  solution  of  the  Poisson's  equation, 
the  current  continuity  equations,  including  the 
thermionic  emission  theory  for  carrier  transport 
acro.ss  heterojunctions  [1  Ij.  the  photon  rate  equa¬ 
tion  [12]  and  the  scalar  wave  equation  for  the 
optical  field  [1.^].  The  band  structure  of  the 
strained  Zn„xCd,i  ;Se/ZnS,|||„Se„g4  OW  was  cal¬ 
culated  using  k  p  theory  following  the  work  of 
ref.  [5].  The  biaxial  compressive  strain  and  quan¬ 
tum  confinement  in  Zn||,.,Cd|, ,Se/ZnS,|,,hSe„,,4 
quantum  wells  of  65  A  thickness  separate  the 
ground  subbands  of  light  and  heavy  holes  by 


more  than  80  meV.  This  simplifies  the  band 
calculations  considerably,  as  one  can  neglect  the 
heavy  and  light  hole  mixing  in  momentum  space, 
and  use  a  parabolic  approximation  for  the  hole 
subbands.  The  band-gap  energy  for  the  new  qua¬ 
ternary  Zn,_^Mg,S,Se,_,  (.v  =  0.08-0.10  and  v 
=  0.10-0.12)  was  established  from  photolumines- 
ccnce  measurements,  and  band  offsets  in  the 
Zn,  _,  Mg,S,.Se|  _,/  Zn„|,ftSe„g4  heterojunction 
were  assumed  based  on  the  common  anion  and 
cation  rule  (70  meV  and  40  meV  of  the  conduc¬ 
tion  and  valence  band  offset,  respectively). 


3.  Results 

3. 1.  Electrical  and  optical  confinement 

At  first,  1  compare  the  optical  and  electrical 
confinement  of  the  laser  structures:  ZnCd, 
Se, _ ,/ ZnSe/ ZnS^.Se,  (structure  1)  with 
Zn,  _,Cd  ,Se/  ZnSjSe,  Zn, .  .Mg.S^Se, 
(structure  II).  The  layer  structure  of  both  lasers  is 
shown  in  Fig.  1. 

The  expected  improvement  in  the  optical  con¬ 
finement  of  structure  II  arises  from  a  higher 
refractive  index  step  between  the  cladding  and 
guiding  layers.  The  numerical  values  of  refractive 
indexes  at  the  wavelength  505  nm  for  Zn|_^Mg, 
S.Se,  ZnS|,||ftSe|,„4.  and  ZnSe  were  2.640. 
2.724.  and  2.750.  respectively.  They  were  deter- 


r;iblc  I 

The  most  significant  parameters  used  in  the  calculation 
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mined  experimentally  by  us  using  the  m-!ine  mea¬ 
surement  method  describe  in  ref.  [14].  The  re¬ 
fractive  index  of  2.875  was  estimated  for 

o 

Zn,,sCd„;,Se.  The  presence  of  the,  65  A  wide, 
QW  has  no  significant  influence  on  the  optical 
field  distribution.  The  calculated  optical  field  dis¬ 
tribution  across  the  structure  of  both  lasers  (near 
field  pattern)  resulted  in  the  confinement  factor 
in  the  central  Zn|,nCd„2Se  active  region  of  /’  = 
0.0182  for  structure  11  versus  /’  =  0.0132  for 
structure  I.  The  calculated  value  of  the  FWHM 
far  field  pattern  32.5°  for  structure  11  agrees  very 
well  with  33°-34°  measured  experimentally.  The 
corre.sponding  value  of  FWHP  for  structure  1  was 
only  21°,  which  also  agrees  with  the  experiments. 

Another  advantage  of  structure  11  over  struc¬ 
ture  1  arises  from  the  higher  conduction  and 
valence  band  offsets  at  the  heterojunction  of  the 
cladding  and  the  guiding  layers,  which  reduces 
minority  carrier  leakage,  shown  in  the  Fig.  2.  In 
addition,  approximately  40  meV  higher  valence 
band  offset  of  Zn,ixCd„,Se/ZnS,|„ftSe„2M,  as 
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Fig.  2.  The  electron  current  (from  right  to  left)  ;ind  hole 
current  (from  left  to  right)  at  the  total  current  density  of 
fih  =  5(X)  A/cm'  and  room  temperature.  Here  electron  cur¬ 
rent  (solid  lines)  and  hole  current  (long  dash  line)  for  struc¬ 
ture  0  are  compared  with  corresponding  electron  (medium 
dash  line)  and  hole  current  (short  dash  line)  for  structure  1. 
The  leakage  current  density  was  reduced  by  nearly  a  factor  of 
6  for  electrons,  and  by  factor  a  of  dO  for  holes  at  that  current 
density  in  structure  II  compare  to  structure  I. 


Ternary  Laser  Quaternary  Laser 

Structure  1  Structure  II 
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Fig.  I.  Layer  structure  of  lasers  analyzed  in  this  work.  In 
ternary  laser  structure  I.  the  cladding  and  guiding  layers  arc 
formed  by  ZnS||||^Sei|.n  and  ZnSe.  whereas  in  quaternary 
laser  structure  II  they  are  formed  by  Zn,  .Mg.S.Se,  ,  and 
ZnS„|i^Se||.,4.  In  both  cases,  the  nitrogen  acceptor  concentra¬ 
tion  in  the  p-type  cladding  and  guiding  layers  was  L.SxlO'’ 
and  ,^.()x  11)'^  cm  '.  respectively.  The  chlorine  donor  concen¬ 
tration  in  the  n-type  cladding  and  guiding  layers  was  2x  Id” 
cm  '.  The  undoped  Zn|,„C'd,|  ,Sc  OW  forms  the  active  re¬ 
gion  in  both  laser  structures. 


compared  to  ZniixCd,,  ,Sc/  ZnSe.  improves 
quantum  confinement  of  holes  into  Zn|„,Cd,Se 
QW,  and  reduces  hole  leakage  into  the  barrier 
region  (see  Fig.  2).  Finally,  structure  11  can  be 
grown  pseudomorphicaly  with  GaAs  substrate, 
whereas  in  .structure  1  the  guiding  ZnSe  layer  is 
partially  relaxed.  By  replacing  ZoSm^Seng^  with 
Zn,^,Mg,S,Se|  cladding  layers,  the  calcu¬ 
lated  leakage  current  from  the  guiding  region  was 
reduced  by  nearly  a  factor  of  6  for  electrons,  and 
by  a  factor  of  90  for  holes  at  room  temperature, 
at  the  total  current  density  y  =  5(K)  A/cm".  In 
case  of  structure  1  only  ,3()'^z  of  the  electrons 
recombine  with  holes  in  the  active  region  and  the 
remaining  70%  would  contribute  as  minority  car¬ 
rier  leakage  likely  causing  significant  device  heat¬ 
ing  (see  Fig.  2). 

The  net  result  of  these  improvements  is  that 
structure  II  could  lase  at  rcnim  temperature,  at 
j  =  5(K)  A/cm'  (for  50  X  KKK)  ^tm’  stripe  and  no 
facet  coatings),  whereas  structure  1,  based  on  the 
calculations,  requires  more  than  4(KK)  A/cm'  (not 
including  the  the  heating  effects  caused  by  the 
large  electron  leakage  current). 


7(K) 
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3.2.  Freeze-out  of  holes 

The  simulation  showed  that  due  to  the  high 
resistivity  of  the  p-Zn,  „,Mg,S,Se|_,.  cladding 
layer,  and  the  freeze-out  of  free  holes  below 
temperature  of  T  =  200  K,  more  than  a  100  V 
applied  to  the  device  would  be  necessary  in  order 
to  pass  any  considerable  amount  of  current,  which 
is  inconsistent  with  experimental  results.  At  room 
temperature  this  effect  was  less  severe;  neverthe¬ 
less.  the  calculations  showed  an  addition  of  2  V 
drop  across  the  p-Zn,  ,Mg,S,Se|  layer,  which 
was  needed  to  assure  the  carrier  injection  for  the 
laser  operation.  To  circumvent  this  problem,  the 
Frenkel-Poole  effect  [15],  which  accounts  for  the 
lowering  of  the  ionization  energy  of  impurities  or 
localized  defects  in  an  electric  field,  has  been 
incorporated  into  our  model  of  electrical  trans¬ 
port.  As  a  result,  the  laser  threshold  current 
density  of  the  order  of  100  A/cm’  could  be 
reached  at  a  few  volts  of  the  external  bias  (not 
taking  into  account  the  voltage  drop  across  the 
contacts),  even  at  the  lowest  examined  tempera¬ 
ture,  T  =  85  K.  Fig.  3  shows  the  energy  band 
diagram  of  structure  II  under  forward  bias  at  85 
K.  which  indicates  still  a  significant  voltage  drop 
developed  across  p-cladding  layer.  This  results 
clearly  suggest  that  the  electrical  transport  in 
p-type  Zn ,  _  ,  Mg  ,S,,Se ,  _  ,  cladding  layer  of  struc¬ 
ture  H  type  diode  lasers  is  not  completely  diffu¬ 
sive  and  field  ionization  of  acceptors,  particularly 
below  room  temperature,  is  essential  for  hole 
injection  into  the  active  region  of  laser  diode. 
Higher  doping  level  of  p-type  Zn, _,Mg,S,.Se| 
is  needed  to  circumvent  this  problem. 

3.3.  Gain  calculations 

A  proper  model  for  the  line  broadening  is 
essential  for  the  gain  calculations.  At  low  cur¬ 
rents.  when  the  material  gain  is  negative,  the 
Lt)rentzian  line  broadening  function  was  used. 
However,  near  and  above  the  transparency  condi¬ 
tion,  the  assumption  of  energy  independent 
broadening  characterized  by  the  Lorentzian  line 
function  is  not  correct  [16,17].  In  this  ca.se,  Land.s- 
berg  energy  dependent  line  broadening  [17]  has 
been  incorporated.  The  Landsberg  model  proved 


Distance  across  device  [(.tml 


Fig.  .1.  The  band  diagrams  of  structure  II  at  forward  bias  at 
T  =  8.S  K.  Approximately  5  V  voltage  drop  across  p- 
Zn,  ,Mg,S,Se,  ,  (on  the  left)  reduces  to  about  0.4  V  at 
T  =  295  K.  at  an  external  bias  of  j  =  500  A/cm’.  The 
Frenkel-P(x)le  correction  to  the  acceptor  ionization  energy 
was  included  in  the  electrical  transpirrt.  in  order  to  obtain  this 
graph.  The  field  ionization  of  acceptor  levels  in  p-cladding 
layers  of  II-VI  blue  green  lasers  is  an  important  factor  even 
at  riHtm  temperature. 


to  be  successful  in  reproducing  the  gain  spectra 
in  multi  QW  Ill-V  lasers  [18].  Similar  spectra  for 
the  Il-VI  lasers  have  not  been  reported  yet. 

The  peak  of  the  modal  gain  as  a  function  of 
current  is  shown  in  Fig.  4  for  different  tempera¬ 
tures  and  a  constant  carrier  scattering  time  t  =  25 
fs,  which  was  used  to  fit  the  experimental  data. 
Here  the  peak  gain  is  plotted  as  a  function  of  the 
injection  (not  a  recombination)  current  density  of 
the  diode  laser,  which  is  only  possible  to  accom¬ 
plish  when  both  optical  and  electrical  laser  simu¬ 
lation  are  completed.  In  this  calculation  a  con¬ 
stant  7  cm  '  background  loss  of  the  optical  mode 
was  assumed  [19].  The  free  carrier  absorption  was 
calculated  in  the  simulation  directly,  as  a  local 
lo.ss  proportional  to  the  carrier  density  with  pro¬ 
portionality  coefficient  of  2  X  10"  cm’.  The  las¬ 
ing  threshold  is  reached  at  a  net  modal  gain  peak 
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Fig.  4.  The  calculated  peak  of  the  modal  gain  of  structure  II 
for  1  mm  long  stripe  with  uncoated  facets  (8)  for  different 
temperatures.  Mode  losses  of  7  cm  and  mirror  losses  of 
1 4.5  cm  '  were  used  in  the  calculations.  A  constant,  temper¬ 
ature  independent  carrier  scattering  time  t  =  25  fs  was  as¬ 
sumed. 


of  =  14.5  cm"',  as  indicated  in  Fig.  4,  which 
is  a  value  of  the  mirror  losses  for  1  mm  cavity 
length  for  the  facet  reflectivity  R  =  0.234  (no  facet 
coatings).  The  transparency  currents  correspond¬ 
ing  to  =  0  can  be  found  from  the  plot  in  Fig. 
4,  and  they  vary  from  75  and  252  to  1050  A/cm’ 
for  T  =  85,  294,  and  394  K,  respectively. 


3.4.  Laser  output  characteristics. 

Fig.  5  presents  the  calculated  threshold  cur¬ 
rent  density  and  the  external  differential  quan¬ 
tum  efficiency  obtained  from  the  full  electrical 
and  optical  simulation  of  the  1  mm  long 
Zn,_^Cd,Se/  ZnSj.Se,_,./  Zn,  _,Mg.S„Se, 
laser  structure  II,  as  reported  in  ref.  [8].  These 
results  are  compared  with  the  previously  reported 
experimental  results  [8].  A  constant  carrier  scat¬ 
tering  time  of  T  =  25  fs  was  assumed  in  these 
calculations  for  the  temperature  range  of  85  to 
394  K.  This  value  is  in  the  range  of  expected 
relaxation  times,  t  =  18  fs  at  T  =  295  K  and  t  =  38 
fs  at  T  =  85  K,  determined  from  the  FWHM  of 
the  photoluminescence  and  electroluminescence 
spectra  below  the  lasing  threshold.  The  results 
calculated  for  these  experimentally  determined 
relaxation  times  were  also  included  in  Fig.  5.  The 
calculated  values  of  the  threshold  current  density 
are  in  good  agreement  with  experiments,  particu¬ 
larly  at  room  and  higher  temperatures.  At  low 
temperatures  the  calculated  threshold  is  slightly 
lower  than  experimentally  determined.  The 
agreement  of  the  calculated  external  efficiency 
with  the  experiment  is  also  quite  good,  consider¬ 
ing  the  10-20%  of  the  estimated  error  in  the 
experimental  data  presented  in  Fig.  5. 


Tamperature  [K]  Tamparotura  [K]) 

Fig.  5.  Calculated  threshold  current  density  (a)  and  external  quantum  efficiency  (h)  obtained  from  the  full  electrical  and  optical 
simulation  of  the  1  mm  long  Zn,  ,Cd,Se/ZnS,.Se|  ,./Zn,  ,Mg.S„Se|  „  laser  structure  without  facet  coatings.  The  open 
triangles  guided  by  a  dotted  line  are  calculated  results  with  assumed  constant  relaxation  time  r  =  25  fs  for  all  temperatures.  The 
results  of  calculations  using  the  experimentally  determined  relaxation  times  of  r  =  18  fs  at  T  =  245  K  and  t  =  ,48  fs  at  T  =  85  K  are 
shown  by  the  open  circles.  The  solid  circles  are  experimental  data  from  ref.  I8]. 
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4.  Conclusion 

QW  blue-green  injection  lasers  were  studied 
by  finding  self-consistent  numerical  solution  of 
the  electrical  and  optical  problem  in  the  geome¬ 
try  of  a  semiconductor  diode  laser.  As  a  result, 
the  optical  and  electrical  confinement  in  these 
lasers  was  calculated.  Evidence  of  the  important 
role  of  the  field  ionization  in  blue-green  ll-VI 
lasers,  due  to  the  low  doping  and  high  ionization 
energy  in  the  p-cladding  layer,  was  demonstrated. 
Finally,  the  output  L-l  characteristics  were  cal¬ 
culated  in  a  broad  temperature  range,  based  on 
the  free  electron-hole  band-to-band  recombina¬ 
tion  gain  model,  without  including  excitonic  ef¬ 
fects,  Good  quantitative  agreement  of  the  calcu¬ 
lated  threshold  current  density  and  quantum  effi¬ 
ciency  with  experimental  data  has  been  achieved, 
using  T  =  25  fs  as  a  fitting  parameter  from  7"  =  85 
K  to  7  =  394  K.  Similar  agreement  was  achieved, 
without  fitting  procedure,  using  an  experimen¬ 
tally  determined  r.  obtained  from  the  FWHM  of 
the  luminescence  spectra.  This  agreement  sug¬ 
gests  that  the  blue-green  laser  L-l  characteristics 
are  not  significantly  affected  by  a  possible  en¬ 
hancement  in  optical  gain  due  to  the  electron- 
hole  recombination  via  an  excitonic  state. 
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Abstract 

Blue  and  green  light  emitting  diodes  (LEDs)  based  on  ZnSSc  double-heterostructures  were  grown  on  ( 100)  GaAs 
substrates  by  molecular  beam  epitaxy.  The  quaternary  alloys  ZnCdSSc  and  ZnSScTe  were  used  as  active  layer 
regions  in  the  blue  light  emitting  and  green  light  emitting  structures,  respectively.  The  green  LEDs  produce  2.^8  pW 
of  light  at  room  temperature  when  operating  at  10  mA  (.^.8  V)  and  exhibit  an  external  efficiency  of  0.b2G .  At  20  mA. 
the  devices  produce  428  /iW  of  green  light.  The  blue  LEDs  produce  21.^  pW  of  light  when  operating  at  10  mA  and 
exhibit  an  external  efficiency  of  0..‘>7''f  at  r<H)m  temperature.  At  20  mA.  the  devices  produce  .f?!)  of  blue  light. 


1.  Introduction 

During  the  pa.st  two  years  there  has  been 
important  progress  in  the  development  of 
bluc/grccn  light  emitters  based  on  wide  band 
gap  II-Vl  semiconductor  heterostructures.  In 
particular,  successful  p-type  nitrogen-plasma-dop¬ 
ing  of  ZnSe  and  related  Il-VI  semiconductor 
alloys  [1,2]  has  led  to  a  number  of  demonstrations 
of  blue /green  light  emitting  diodes  (LEDs)  [3-7] 
and  laser  diodes  (LDs)  [8-11]. 

The  first  laser  diode  structures  wer ,  grown  on 
GaAs  substrates  by  molecular  beam  epitaxy 
(MBE)  and  consisted  of  cladding  layers  of 
lattice-matched  ZnSSc  coupled  with  a  light-guid¬ 
ing  layer  of  ZnSe  in  which  was  located  single  or 
multiple  quantum  wcIKs)  of  ZnCdSc.  In  the  sum- 
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mcr  of  1992.  however,  scientists  at  Sony  Labora¬ 
tories  announced  [12]  the  successful  demonstra¬ 
tion  of  a  blue  laser  diode  in  which  the  quaternary 
alloy  ZnMgSSe  [13-16].  lattice-matched  to  GaAs. 
was  u.sed  as  barrier  layers  in  a  double-hetero- 
structurc  with  ZnSe  serving  as  the  active  layer 
material.  Subsequently,  researchers  at  Philips 
Laboratory  [17]  reported  improved  blue/grcen 
laser  diode  properties  by  employing  a  pseudo- 
morphic  laser  structure  based  on  quaternary  Zn¬ 
MgSSe  cladding  layers,  optical  confinement  lay¬ 
ers  of  ZnSSe.  and  an  active  light  emitting  region 
consisting  of  a  single  ZnCdSe  quantum  well. 

At  NCSU,  we  arc  investigating  the  use  of  the 
quaternary  alloys  ZnCdSSc  and  ZnSSeTc  as  ac¬ 
tive  layer  materials  for  blue  and  green  light  emit¬ 
ting  diode  (LED)  applications,  respectively.  These 
quaternary  alloys,  like  ZnMgSSe.  can  be  closely 
lattice-matched  to  GaAs  substrates  -  in  contrast 
to  the  corresponding  ternary  alloys  ZnCdSe  and 
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ZnTeSe.  As  a  consequence,  double-heterostruc- 
tures  appropriate  for  LED  applications  can  be 
grown  by  combining  one  of  these  quaternary  al¬ 
loys  along  with  cladding  layers  of  ZnS,|,)ftSe„94 
which  are  also  lattice-matched  to  GaAs. 


2.  Experimental  details 

Blue  and  green  LED  structures  which  employ 
ZnCdSSe  or  ZnSSeTe  layers,  respectively,  as  the 
active  regions  of  DH  devices  were  grown  by  MBE 
at  240-280°C.  GaAs  substrates  with  pre-de- 
posited  GaAs  buffer  layers  [18]  were  employed  to 
provide  a  smooth  surface  for  II-VI  film  growth, 
thereby  reducing  dislocation  densities  in  LED 
structures  to  about  10^  cm‘\  The  DHs  were 
prepared  so  that  the  active  region  consisted  of 
either  five  100  A  ZnCdSSe  quantum  wells  (blue 
LEDs)  or  a  single  1000  A  ZnSSeTe  quantum  well 
(green  LEDs),  The  concentration  of  Te  or  Cd  in 
the  respective  quaternary  alloy  was  varied  be¬ 
tween  5%  and  20%  in  order  to  change  the  output 
wavelength  of  the  LEDs.  The  cladding  layers  of 
the  p-on-n  DHs  consisted  of  1  ^m  of  p-type 
N-doped  ZnS||||ftSe,m4  and  2  /zm  of  n-type  Cl- 
doped  ZnS|||y,Se„y4,  respectively.  The  n-type 
doping  was  achieved  using  a  solid-source  dopant, 
ZnCL  (5N)  [1,2,22],  The  p-type  doping  was 
achieved  using  an  Oxford  Applied  Research 
MPD2I  radio  frequency  (RF)  plasma  source  con¬ 
taining  flowing  N,  gas  [22-24],  During  the  MBE 
growth  sequence,  the  Zn,  S,  and  Se  source  shut¬ 
ters  were  always  open,  such  as  to  maintain  a  close 
lattice  match  to  GaAs  for  growth  of  the 
ZnS||||^Se|,44  cladding  layers.  The  Te  or  Cd  shut¬ 
ter  was  opened  only  during  growth  of  the  ZnS¬ 
SeTe  or  ZnCdSSe  active  region  layers.  Thus,  the 
active  regions  of  the  devices  are  not  lattice- 
matched  to  GaAs.  Rather,  they  are  pseudomor- 
phically  strained,  as  was  determined  from  subse¬ 
quent  transmission  electron  micro.scopy  studies. 
A  .schematic  diagram  of  each  of  these  .structures 
is  shown  in  Fig.  1. 

In  order  to  make  ohmic  contact  to  each  of  the 
p-on-n  heterostructures,  a  thin  ( ~  100  A)  layer  of 
nitrogen-doped  ZnTe„2Se„x  was  deposited  by 
MBE  after  growth  of  the  top  p-type  ZnS|,„ftSe„y4 


Metal  Electrode 
HgSe 
ZnTeSe 
p-type  ZnSSe 


ZnSSeTe  QW 
n-type  ZnSSe 
GaAs  Buffer  Layer 


GaAs  Substrate 
Au-Ge  Electrode 


Metal  Electrode 
HgSe 
ZnTeSe 
p-type  ZnSSe 

ZnCdSSe  MOW 

n-type  ZnSSe 

GaAs  Buffer  Layer 


GaAs  Substrate 


Au-Ge  Electrode 


Fig.  I.  Schematic  diagrams  of  (a)  ZnSSeTe-based  green  LED 
structure  and  (b)  ZnCdSSe-based  blue  LED  structure. 


layer.  The  heterostructure  was  then  cooled  to 
room  temperature  under  a  Se  flux  to  provide  a  Se 
cap  layer  on  the  surface.  Following  this,  the  wafer 
was  transferred  to  a  second  Hg-compatible  MBE 
chamber  where  the  Se  cap  layer  was  desorbed  b^ 
heating  and  an  epitaxial  layer  of  HgSe  ( ~  1(X)  A 
thick)  was  grown  by  MBE  [23],  In  this  way,  a 
multilayered  structure  which  combines  a  light 
emission  heterostructure  with  epitaxial  layers  for 
p-type  ohmic  contacts  was  synthesized.  We  refer 
to  such  epitaxial  structures  as  integrated  het¬ 
erostructure  devices  (IHDs)  [24]. 

Transmission  electron  microscopy  (TEM)  stud¬ 
ies  of  samples  from  selected  wafers  were  com¬ 
pleted  using  a  Hitachi-800  electron  microscope 
operating  at  200  kV.  The  samples  were  thinned 
at  77  K  using  argon-ion  milling  techniques.  Many 
vertical-cross-section  and  planar  TEM  photomi¬ 
crographs  were  used  to  assess  the  interfacial 
quality  of  the  various  layers  of  the  integrated 
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device  structures  and  to  estimate  dislocation  den¬ 
sities. 

Mesa-type  LEDs  were  prepared  from  selected 
wafers  using  standard  photolithographic  and 
etching  techniques  to  define  mesa  arrays.  Me.sa 
dimensions  ranged  from  300  /xm  X  3(H)  /xm  to  5(H) 
^xm  X  500  /xni.  Evaporated  Au  or  In  was  used  to 
form  a  metal  contact  to  the  top  HgSe  surface  of 
each  p-on-n  mesa  diode.  Ohmic  contact  to  the 
n-type  layer  was  made  at  the  back  surface  of  the 
GaAs :  Si  substrate  with  Au  -Ge  or  In  metal. 

Individual  LED  mesas  were  set  on  a  header 
structure  with  the  n-type  GaAs  substrate  bonded 
to  the  header  with  silver  epoxy.  Electrical  contact 
was  made  to  the  top  of  the  mesa  using  gold  wire 
bonds.  The  header  structure  was  encapsulated  in 
a  clear  epoxy  dome,  5  mm  in  diameter,  to  make 
an  industry-standard  T-lj  lamp.  LED  efficiency 
measurements  were  performed  at  room  tempera¬ 
ture  under  direct  current  (DC)  conditions  with 
the  T-lj  LED  lamp  placed  in  a  calibrated  inte¬ 
grating  sphere  in  order  to  accurately  measure  its 
total  optical  power  output  in  ^W. 


3.  Results  and  discussion 

Fig.  2  shows  a  vertical-cross-section  TEM  pho¬ 
tograph  of  a  representative  green  LED  structure 
taken  under  two-beam  conditions.  The  ZnSScTe 
active  region,  which  is  pseudomorphically 
strained,  is  dislocation  free  and  exhibits  smooth 
interfaces.  The  ZnSSe  cladding  layers  above  and 
below  the  active  region  of  the  device  are  also 
dislocation  free.  Based  on  an  analysis  of  many 
vertical-cross-section  and  planar  TEM  pho¬ 
tographs  of  several  similar  devices,  we  estimate 
that  the  dislocation  density  is  about  10'  cm  ",  on 
average,  from  sample  to  sample. 

At  the  top  surface  of  the  green  LED  structure 
shown  in  Fig.  2  is  a  dark  and  narrow  ( i(H)  A) 
layer.  This  is  the  epitaxial  HgSe  layer  which  is 
part  of  the  ohmic  contact  portion  of  the  inte¬ 
grated  heterostructure  device.  The  epitaxial  na¬ 
ture  of  the  HgSe  layer  was  confirmed  by  means  of 
electron  diffraction  studies. 

Both  the  blue-emitting  and  green-emitting 
LEDs  display  spectacular  optical  properties.  This 


Fig.  2.  Vertical-cross-section  transmission  electron  micro¬ 
graph  of  green  LED  structure.  The  ZnSScTe  quantum  well  is 
vi.sible  and  exhibits  smooth  interfaces.  No  disUxtations  are 
present  in  this  micrograph,  although  disliKation  densities  are 
estimated  to  be  about  10'  cm’  throughout  the  epitaxial  layers. 


is  illustrated  by  the  light  emission  spectrum  of 
one  of  the  ZnSSeTe-based  green  LEDs  shown  in 
Fig.  3.  Note  that  the  green  LED  produces  238 
/xW  of  light  at  room  temperature  when  operating 
at  10  mA  (3.8  V).  This  corresponds  to  an  external 
efficiency  (power  efficiency)  of  0.62''-^  at  3)H)  K. 
The  spectrum  peaks  at  506  nm.  but  the  emission 
peak  has  a  relatively-broad  asymmetric  shape, 
due  to  the  nature  of  Te  which  acts  as  an  isoelec- 
tronic  hole  trap  [25-28]  in  the  ZnSSeTe  alloy, 
that  tails  off  at  larger  wavelengths.  This  makes 
the  light  output  appear  as  a  deep  emerald-green 
to  the  eye.  The  optical  power  output  of  the  green 
LED  as  a  function  of  operating  current  is  shown 
in  Fig.  4.  It  is  seen  that  the  device  prxxluces  428 
mW  at  20  mA  drive  current  (4.04  V),  correspond¬ 
ing  to  an  external  efficiency  (power  efficiency)  of 
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0.53%.  By  varying  the  Te  content  of  the  ZnSSeTe 
active  layer,  we  have  produced  LEDs  of  similar 
optical  quality  with  outputs  peaking  in  the  green 
spectral  region  between  502  and  514  nm. 

The  light  emission  spectrum  of  a  representa¬ 
tive  ZnCdSSe-based  blue  LED  is  shown  in  Fig.  5. 
In  this  case,  the  light  emission  is  sharply  peaked 
at  490  nm.  The  emission  peak  has  a  full  width  at 
half-maximum  (FWHM)  of  only  16  nm.  The  de¬ 
vice  produces  213  juW  of  blue  light  at  room 
temperature  when  operating  at  10  mA  (3.7  V), 
corresponding  to  a  300  K  external  power  effi¬ 
ciency  of  0.57%.  When  operated  at  20  mA.  the 
blue  LED  produces  370  /cW  of  light.  By  varying 
the  Cd  content  of  the  ZnCdSSc  active  layer 


500 


5  10  15 

Current  (mA) 


Fig.  4.  FighI  (miput  power  versus  applied  dc  current  for 
ZnSScTc-hased  green  LED.  At  20  mA.  the  applied  voltage  is 
4.04  V. 


quantum  wells,  we  have  fabricated  and  tested 
high-brightness  blue  LEDs  with  peak  emission  at 
3(K)  K  ranging  from  482  to  490  nm. 

To  put  the  above  results  in  proper  perspective, 
commercial  blue  LEDs  made  from  SiC  have  effi¬ 
ciencies  of  0.02-0.03%  and  produce  12-18  of 
light  at  20  mA  [29].  Commercial  green  LEDs 
made  from  GaP.  which  operate  at  555  nm  (yel¬ 
low-green).  exhibit  external  efficiencies  of  ~  0.1% 
[.30]  and  produce  light  outputs  of  60-70  when 
operated  at  20  mA.  Thus,  the  present  results  are 
important  since  they  show,  for  the  first  time,  that 
II- VI  .semiconductor  heterostructures  can  pro¬ 
duce  both  blue  and  green  light  emission  at  room 
temperature  that  is  much  brighter  and  more  effi¬ 
cient  than  present  day  commercial  blue/green 
LEDs. 

The  spectacular  light  emitting  properties  of 
the  blue  and  green  LEDs  described  herein  stem 
from  the  fact  that  the  II-VI  materials  employed 
are  "direct"  band  gap  semiconductors,  which  are 
inherently  better  light  emitters  than  the  "indi¬ 
rect"  bard  gap  materials  SiC  and  GaP.  However, 
the  present  devices  exhibit  much  higher  efficien¬ 
cies  and  light  outputs  than  previously- reported 
LEDs  based  on  similar  II-VI  heterostructures. 
This  is  attributed  to  the  fact  that  the  present 
structures,  which  employ  active  layers  comprised 
of  the  quaternary  alloys  ZnSSeTe  or  ZnCdSSe. 
are  more  closely  lattice-matched  to  GaAs.  This, 
along  with  optimization  of  MBE  growth  proce¬ 
dures,  has  led  to  the  succcs.sful  elimination  of 
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unwanted  non-radiative  centers  in  the  active  layer 
regions  of  the  devices. 

At  the  present  time,  both  the  blue  ZnCdSSe- 
based  and  green  ZnSSeTe-based  LEDs  have  use¬ 
ful  lifetimes  of  only  a  few  hundred  hours:  Our 
best  encapsulated  devices  exhibit  light  outputs  of 
60-65%  of  their  initial  light  outputs  after  operat¬ 
ing  at  10  mA  (4  A/cm’)  for  250  h.  This  limited 
lifetime  is  attributed  to  the  relatively  high  dislo¬ 
cation  density  (~  10''  cm  ’)  in  the  devices.  De¬ 
vice  degradation  studies  show  that  the  light 
degradation  process  involves  the  generation  of 
dark-line-defects  which  increase  in  number  and 
size  with  time  -  similar  to  the  dark-line-dcfect 
degradation  which  occurs  in  GaAs-based  and 
GaP-based  LED  structures  when  they  contain 
comparable  dislocation  densities  [31]. 

At  North  Carolina  State  University,  we  have 
seen  II-Vl  heterostructure  LED  lifetimes  in¬ 
crease  from  several  minutes,  to  several  hours,  to 
several  hundreds  of  hours  as  the  device  disloca¬ 
tion  density  has  been  reduced  from  10’  cm"’,  to 
10'’  cm"’,  to  10'  cm"’  over  the  past  two  years.  It 
would  seem,  based  on  this  limited  data  base,  that 
dislocation  density  reduction  to  less  than  10* 
cm"’  may  be  required  for  LED  lifetimes  to  reach 
10.000  h.  This  is  the  last  major  hurdle  -  however 
formidable  it  may  prove  to  be  -  that  must  be 
addressed  before  the  high-brightness,  high-ef¬ 
ficiency  integrated  hcterostructurc  devices  that 
we  have  described  are  ready  for  commercializa¬ 
tion. 
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Abstract 

Optical  modulator  structures  employing  quantum  confined  Stark  effect  tuning  in  ZnSe  based  material  systems  are 
described.  Computations  are  presented  to  illustrate  the  feasibility  of  designing  transmission  and  relleetion  mode 
Fabry-Perot  modulators  using  ZnCdSe-ZnSSe  (or  ZnCdSc-ZnMgSSe)  MOW  cavities.  Changes  in  the  e.xeitonie 
absorption  coefficient  (e.g.,  3-.*'  nm  shift  in  peak)  and  index  of  refraction  (  ~  2'') ).  in  the  presence  of  an  externally 
applied  perpendicular  electric  field  E  (1()'‘-1()'  V/cm),  arc  calculated  and  used  to  obtain  variations  in  transmit¬ 
tance  (contrast  ratio).  Both  matched  and  asymmetric  Fabry-Perot  structures  realized  on  ZnSe  and  GaAs  substrates 
arc  discussed.  In  contrast  to  the  AlGaAs-GaAs  system,  the  excitonic  binding  energies  in  the  ZnCdSe-ZnSSe  system 
are  found  to  be  significantly  higher.  The  variations  in  excitonic  wavcfunction  |</>,  ,  |'  are.  therefore,  significantly 
different.  However,  the  contrast  ratios  arc  not  as  grwrd  as  for  the  AIGaAs-GaAs  system  due  to  poor  dielectric  mirror 
reflectivities. 


1.  Introduction 

The  successful  p-doping  [1]  of  ZnSe  and  subse¬ 
quent  announcement  of  blue-green  lasers  [2]  have 
stimulated  interest  in  ZnSe  based  integrated  opti¬ 
cal  systems  including  lasers,  modulators,  wave¬ 
guides,  and  detectors.  Tunable  multiple  quantum 
well  (MOW)  optical  modulators  employing  the 
quantum  confined  Stark  effect  (QCSE)  have  been 
investigated  extensively  [3-6]  in  III-V  material 
systems  during  the  past  5  years.  We  have  pre¬ 
sented  preliminary  field-dependent  cxciton  bind- 


*  (  orrexponding  author. 


ing  energy  calculations  showing  the  feasibility  of 
ZnSe  based  MOW  modulators  [7].  The  experi¬ 
mental  fabrication  of  ZnCdSe-ZnSSe  ba.sed  Stark 
effect  modulators  has  recently  been  reported  by 
Wang  ct  al.  [8]. 

This  paper  reports  computations  of  absorption 
coefficient  a.  index  of  relleetion  n,  and  associ¬ 
ated  changes  in  these  parameters  due  to  an  exter¬ 
nal  electrical  field  in  ZnCdSe-ZnSSe  and/or 
ZnCdSe-ZnMgSSe  MOWs.  Unlike  GaAs-Al- 
GaAs  systems,  the  binding  energy  and  its  varia¬ 
tion  as  a  function  of  E  ^  are  significantly  larger 
in  the  ZnCdSe-ZnSSc  system.  Various  modula¬ 
tor  structures  using  standard  p-i-n  formats  and 
MQWs  configured  as  Fabry-Perot  cavities  are 
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proposed.  Modulators  operating  in  both  rellec- 
tion  and  transmission  modes  realized  on  CiaAs  as 
well  as  ZnSe  substrates  are  diseussed.  In  the  ease 
of  reileetion  mode  devices  using  GaAs  substrates, 
no  substrate  etching  is  required. 


2.  Field  dependent  changes  in  the  absorption 
coefTicient  and  index  of  refraction 


The  imaginarv'  part  of  the  dielectric  con.stant 
in\olving  excitonic  transitions  in  MOW 
layers  is  given  by  [3.41 


,  =  (  ('//. )  j  j  ilJ^i  .1  ) !//,,( .1  )  d .V  I  /•'(  -  tuo ) , 


(I) 


C-  [277cV€n"<,vu-||,V/„|-’l</.,,(0)|’.  (2) 


\Nhcre  is  the  e.xeiton  wave  function, 

is  the  exciton  energy,  F  is  the  Gaussian  line 
shape  function,  i//^.  and  (//„  are  electron  and  hole 
wavefunctions.  respectively.  /.  is  the  width  of 
quantum  well.  is  the  permittivity  of  free  space. 
in,,  is  the  electron  rest  mass,  and  is  the  Bloch 
matrix  element  [9].  Using  the  Kramers- Kronig 
relation,  we  can  express  the  real  part  as 


f,l  lioj) 


w'f ,( (o‘ )  dra' 


(3) 


where  F  is  the  Cauchy  principal  integral.  I'he 
complex  index  of  refraction  n^  (  =  n  -  is  )  is  re¬ 
lated  to  the  complex  dielectric  constant.  Thus,  n 
and  K  can  be  evaluated  from  and  k  is 
related  to  the  absorption  coefficient  by 


(t(  tuo  )  =  47rK/A||. 


(4) 


I'he  application  of  an  electrical  field  F  .  per¬ 
pendicular  to  the  plane  of  MOW  layers,  results  in 
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Fig.  1.  Uxciion  binding  energv  as  a  Iimetion  ot  i.  h)r 
ZnCdSe-ZnSSc  OW. 


the  modification  of  the  electron  wavefunctions 
(A^..  the  hole  wavefunctions  i/;^.  and  the  exciton 
wavefunctions.  These  lead  to  changes  in  the  exci¬ 
ton  binding  energies  as  well  as  the  oscillator 
strength 


.r)l^h(  •v)  d.r 


and  the  line  shape  function  /•'.  The  computed 
exciton  binding  energies  as  a  function  of  F  for 
the  ZnCdSe-ZnSSe  quantum  well  structure  are 
shown  in  l-'ig.  1.  The  parameters  used  in  the 
calculation  are  listed  in  Table  1.  The  oscillator 
strength  dependence  on  exciton  binding  energy  is 
shown  in  Fig.  2.  As  the  applied  field  increases, 
the  exciton  binding  energies  and  the  oscillattir 
strength  decrease  because  of  the  increasing  sepa¬ 
ration  between  the  electron  and  hole  in  the  well 
region.  The  resulting  changes  in  «  and  n  are 
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shown  in  Figs.  3  and  4,  respectively.  The  peak 
value  of  the  absorption  coefficient  at  zero  field 
turns  out  to  be  ‘J(K)()  cm”',  which  is  in  gixrd 
agreement  with  the  experiment  [8].  The  changes 
in  a  and  n  are  comparable  to  those  obtained  in 
Ill-V  Stark  effect  devices  [3-6].  These  changes 
can  be  utilized  to  obtain  optical  modulation  de¬ 
pending  on  the  nature  of  device  application. 
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Fig.  3.  Absorption  c<H;fficicnt  as  a  function  of  electric  field 
1.  and  wavclcnglh  for  the  structure  in  Fig.  5. 
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Fig.  4.  An /n  as  a  fiinction  of  operating  wavelength  for  the 
struciuie  in  Fig.  5 

з.  Proposed  optical  modulator  structures 

Modulators  using  Stark  effect  induced  varia¬ 
tions  in  a.  n.  and  birefringence  have  been  de¬ 
signed  in  variety  of  configurations  [.3].  When  a 
high  contrast  ratio  is  desired.  Fabry-Perot  (FP) 
structures,  utilizing  the  MQW  cavity,  are  gener¬ 
ally  employed.  They  arc  classified  into  two  broad 
categories:  (a)  photorefractive  and  (b)  photoab- 
sorbtive.  A  degree  of  photorefraction  has  also 
been  observed  in  InGaAs-GaAs  asymmetric  FP 
modulators  primarily  using  the  photoabsorptive 
phenomenon  in  the  presence  of  an  external  opti¬ 
cal  pump  [4]. 

Fig.  .S  illustrates  a  Fabry-Perot  modulator  hav¬ 
ing  ZnSe/ZnSSe  dielectric  mirrors  with  20  and 
23. .S  periods  for  top  and  bottom  mirrors,  respec¬ 
tively.  The  MOW  cavity  consists  of  75  periods  of 
ZnCdSe-ZnSSe  multiple  quantum  wells.  The 
computed  transmittance  through  the  structure  in¬ 
cluding  the  ZnSc  substrate  is  shown  in  Fig.  6. 
The  transmittance  is  calculated  using  the  transfer 
matrix  approach.  The  A/4  stack  dimensions  arc 

и. sed  at  the  desired  operating  wavelength  (5().s 
nm).  The  MOW  index  is  computed  using  barrier 
and  well  dimensions  of  80  A.  The  index  of  refrac¬ 
tion  is  assumed  to  be  constant  for  different  wave¬ 
length  in  the  preliminary  computations.  Changes 
in  the  index  of  the  cavity  under  the  applied 
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Fig,  5,  Fahry-Perot  modulator  structure  consists  olZnCdSe- 
ZnSSe  MOW  cavity  sandwiched  between  ZnSe-ZnSSe  (or 
ZnSe-ZnMgSSe)  A  /4  dielectric  mirrors. 

electrical  field  E  ^  are  taken  from  the  computed 
data  of  Fig.  4.  The  mirrors  are  assumed  to  have 
«  =  1  cm" The  transmittance  variation  is  rather 
smaller  compared  with  the  InGaAs-GaAs  MOW 
devices  [4,6],  This  is  attributed  to  the  small  J/i 
difference  between  layers,  which  results  in  poor 
reflectivity  of  the  dielectric  mirrors. 


Fig  h  Transmittance  ot  the  Fig.  .S  Fahry-Perot  cavity  consist 
ing  of  a  MOW  using  ZnSSe  as  harrier  with  a  Jn  =  0.02  (as 
presented  in  Fig.  ,t). 


Fig.  7.  Transmittance  of  the  Fig.  .S  Fahry  -Perot  cavity  consist¬ 
ing  of  ZnSe-ZnMgSSe  mirrors  and  MOWs  using  ZnSSe  as 
barrier. 


Use  of  the  lattice  matched  ZnMgSSe  [10]  A/4 
layers  in  place  of  ZnSSe  layers  for  the  dielectric 
mirror  yields  improved  transmittance.  Fig.  7  shows 
a  plot  of  transmittance  using  ZnSe/ZnMgSSe 
mirrors.  The  contrast  ratio  is  improved  by  15 
times  higher  than  using  the  ZnSe/ZnSSe  dielec¬ 
tric  mirror.  In  addition,  the  u.se  of  ZnMgSSe  is 
expected  to  yield  enhaneed  carrier/excitonic  con- 
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Fig.  K,  Fahry-Pero!  modulator  on  GaA.s  substrate  (transmis¬ 
sion  mode). 
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finement  and  resultant  optical  parameters  in  the 
MOW  cavity. 

Figs.  8  and  9  show  cross-sectional  schematic 
drawings  of  Fabry-Perot  modulators  using  GaAs 
substrates  in  matched/symmetric  and  asymmetric 
configurations.  The  device  of  Fig.  8  is  a  transmis¬ 
sion  mode,  electrically  addressed  device.  Fig.  9. 
by  contrast,  represents  a  reflection  mode  device. 
An  external  optical  pump  can  be  used  here,  in  a 
manner  similar  to  111-V  modulators  (4].  in  place 
of  electrical  biasing.  The  devices  grown  on  GaAs 
substrates  are  believed  to  be  of  immediate  impor¬ 
tance  due  to  the  unavailability  of  suitable  ZnSc 
substrates. 


4.  Conclusions 

The  exciton  binding  energy  and  its  variation 
due  to  an  external  E  field  arc.  in  general, 
significantly  higher  in  ZnSe  based  MQWs  than 
obtained  in  the  AlGaAs-GaAs  or  InGaAs-GaAs 
systems.  The  variation  in  optical  parameters  in¬ 
cluding  «  (?i-5  nm  shift  in  peak)  and  n  (~ 
by  the  application  of  an  external  electric  field 
(  ~  10^- It)'  V/cm)  are  comparable  to  lll-V  de¬ 
vices.  and  are  adequate  to  design  efficient  modu¬ 
lators  and  spatial  light  modulators.  Flowevcr.  im¬ 
provement  in  the  reflectivity  of  the  A/4  dielectric 
mirrors  is  needed  to  enhance  the  contrast  ratio  of 


the  modulator.  The  feasibility  of  both  reflection 
and  transmission  mode  devices,  realized  on  GaAs 
and  ZnSe  substrates,  is  demonstrated.  Progress  in 
fabricating  room  temperature  blue-green  lasers 
[12]  requires  the  investigation  of  modulators, 
waveguides,  and  other  devices  in  order  to  develop 
optical  integrated  circuits  operating  at  shorter 
wavelengths. 

5.  Acknowledgements 

This  work  is  in  part  supported  by  a  Connecti¬ 
cut  Department  of  Economic  Development  grant. 
The  authors  gratefully  acknowledge  the  IBM 
Corporation  for  providing  the  RISC  workstations 
(under  the  SUR  contract)  which  were  used  to 
carry  out  the  computations. 


6.  References 

11]  R.  Park.  M.B.  Troftler.  C  M.  Rduloau.  J.M.  DePuydt  and 
M.A.  Haase.  Appl.  Phys,  Lett.  57  (IWP)  2127. 

|2)  M.A.  llaasc.  H.  rheunj!.  D.K.  Misemer.  T.A,  Strand  and 
J.M.  DcPuydi.  Appl.  Phys.  UMt.  5d  (Wdl)  2127. 

1.5]  D.A.B.  Miller.  D.S.  ('hernia.  T.C.  Daman.  AC.  (iossard, 
W.  Wiegmann.  1 .11.  Wood  andC  A.  Burrus.  Phys.  Rev.  B 
.52  (1W5)  11)4.5. 

14)  R.  Jin.  t'l.  Khilrova.  M.M.  (iibhs.  f.  Lowry  and  N. 
Peyghaniharian.  Appl.  Phys.  Lett.  .5d  (IWl)  .52hl. 

15)  F.  Jain.  K.  Ballacharjee  and  T.W.  (irudkowski.  in;  Proc. 
IWl  Ultrasonic  Symp..  l  ake  Buena  Vista.  FL.  December 
I W1 .  pp.  524. 

(b)  S.  Cheung.  F  Jain.  R.  Sacks.  D.  Cullen,  (i  Ball  and  T. 

(irudkowski.  Appl.  Phys.  Lett.  h,5  tlW.5)  2W. 

|7]  W.  Huang.  F.  Jain.  C.  Cheung  and  (i.  Drake,  in;  PriK'. 
Connecticut  Microelectronic  and  Optoelectronic  Symp.. 
SNFT.  New  Haven.  CT.  March  1W,5. 

(S)  S.y.  Wang.  Y.  Kawakami.  J.  Simpson.  H.  Stewart.  K..\ 
Prior  and  B.C.  Cavenett.  Appl.  Phy>.  Lett.  h2  (|W.5) 
1715. 

14)  Y.  Kan.  H.  Nagai.  M.  Yamanishi  and  I.  Suemune.  IF.FF. 

J.  Uuantum  Llectron.  OF-2.5  (14S7)  21b7. 

1 1(1]  H.  Okiiyama.  K.  Nakano.  I  .  Miyajima  and  K.  Akimoto. 

Jap.  J.  .Appl.  Phys.  5(1(1441)  Llb2ll. 

Ill)  Y.S.  Park  and  8.K.  Shin,  in;  Recent  Advances  in  Injec¬ 
tion  Luminescence  in  Flectroluminescence.  F.d.  J. 
Pankove  (Springer.  Berlin.  1477). 

(12)  A.  Ishibashi  and  Y.  Mori.  J.  Crystal  (irowth  L5X  (|W4) 
h77. 


..  CRYSTAL 
QROWTH 


EliiUMHR 


Journal  of  Costal  Growth  138  ( 1W4)  714-718 


Quantitative  study  of  mechanism  responsible  for  high  operating 

voltage  in  II-VI  laser  diodes 

I.  Suemune 

Hi'Sfun  h  Instilutc  for  Etectrtmk  Scieni  c.  Hokktiitlti  i'lnt  t'rv/rr.  Sapporo  ON).  Japan 


Abstract 

Current-voltage  (l-l  )  charaeieristies  of  II-Vl  laser  diodes  were  calculated  considering  thermionic  emission  and 
tunneling  processes  at  metal/p-ZnSe  contacts.  The  physical  parameter  dependence  of  the  tunneling  current,  which 
dominates  the  /-C  characteristics  in  high  voltage  regions,  especially  the  dependence  on  the  barrier  height  and  the 
acceptor  concentration,  is  quantitatively  clarified.  The  relation  between  the  measured  low  ohmic  contact  resistance 
and  the  high  diode  voltage  for  laser  operations  is  discussed,  l-l'  characteristics  of  ZnSSe  p-n  diodes  grown  by 
metalorganic  vapor-phase  epitaxy  were  studied  with  the  present  model  and  the  mechanism  of  the  low-voltage 
operation  observed  was  examined. 


I.  Introduction 

Recently,  blue/green  laser  diodes  have  been 
realized  [1]  following  the  successful  p-type  doping 
of  the  wide-gap  II-VI  semiconductor.  ZnSc.  by 
nitrogen  radical  doping  during  molecular-beam 
epitaxy  (MBE)  [2..1].  Room  temperature  opera¬ 
tion  has  also  been  reported  by  several  groups 
[4-7].  One  of  the  key  issues  is  ohmic  contacts  to 
p-type  ZnSe  and  related  alloys.  The  use  of 
scmimctal  Hg.Se  [8]  or  Znl'e/ZnSe  graded  band 
gap  layers  [9]  has  been  proposed  and  the  reduc¬ 
tion  of  the  ohmic  contact  resistance  reported. 
Diode  voltages  for  laser  operatitrns  were  reduced 
in  these  trials,  but  voltages  exceeding  1(1  V  were 
still  necessary  [9]. 

The  mechanism  responsible  for  the  high  diode 
voltage  has  been  studied,  and  a  tunneling  prtKess 
through  the  barrier  at  the  metal/p-ZnSe  was 
proposed  by  Ren  et  al.  [Klj.  This  idea  was  further 


developed  considering  the  depletion  layer  at  the 
Schottky  contact  [llj.  In  this  model,  the  expan¬ 
sion  of  the  depletion  layer  from  the  metal/p-ZnSe 
interface  and  the  dependence  of  the  electric  field 
»)n  the  acceptor  concentration  was  taken  into 
account.  Thermionic  emission  as  well  as  the  tun¬ 
neling  current  flowing  across  the  interface  was 
taken  into  account,  as  shown  schematically  in  Fig. 
1.  These  two  currents  satisfy  the  continuity  of  the 
current  flowing  through  the  p-n  junction.  Physi¬ 
cal  parameters  such  as  the  barrier  height,  <f>„. 
were  estimated  by  fitting  the  theciretical  model  to 
the  measured  current-voltage  (/-I  )  characteris¬ 
tics,  and  the  inclusion  of  the  thermionic  emission 
was  effective  in  producing  an  accurate  fit  [llj. 

Fig.  2  shows  one  example  of  the  fitting  [11]  of 
the  theoretical  model  to  the  l-V  characteristics 
measured  for  a  blue/green  laser  diode  [1].  The 
calculated  l-V  characteristics  show  that  the  volt¬ 
age  was  mainly  applied  to  the  p-n  junction  in  the 
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Fig.  I.  Schematic  band  diagram  for  the  current  flow  through 
metal/p-ZnSe  contact  under  forward  bias  of  the  p-n  junc* 
tion. 


low  voltage  region  (<1.5  V).  For  the  moderate 
bias  (1.5-4  V),  the  current  was  limited  by 
thermionic  emission  and  the  voltage  was  induced 
in  the  depletion  layer  near  the  metal/p-ZnSe 
contact.  The  corresponding  increase  of  the  elec¬ 
tric  field  in  the  depletion  layer  enhanced  the 
tunneling  current  in  the  higher  voltage  region 
(  >  4  V).  The  dashed  line  in  Fig.  2  was  calculated 
without  considering  the  thermionic  emission. 

In  this  paper,  the  dependence  of  the  l-V 
characteristics  on  physical  parameters  is  quantita¬ 
tively  discussed  based  on  the  above  theoretical 
modeling.  In  particular,  the  tunneling  process 
which  dominates  the  I-V  characteristics  in  the 
high  voltage  region  is  critically  dependent  on  the 
barrier  height  and  the  acceptor  concentration  in 
p-ZnSe.  The  conditions  necessary  for  the  realiza¬ 
tion  of  low-voltage  laser  operations  will  be  dis¬ 
cussed.  It  has  been  reported  that  the  ohmic  con¬ 


tact  resistance  was  low,  but  that  the  diode  voltage 
for  laser  operations  was  still  above  10  V  [7,9].  The 
relation  of  these  apparently  contradictory  mea¬ 
surements  will  be  discussed.  Finally,  l-V  charac¬ 
teristics  of  diodes  grown  by  metalorganic  vapor- 
phase  epitaxy  (MOVPE)  will  be  discussed  from 
the  viewpoint  of  the  present  theoretical  model. 


2.  Parameter  dependence  of  l-V  characteristics 

In  the  fit  shown  in  Fig.  2.  the  acceptor  concen¬ 
tration  in  the  p-ZnSe  layer  was  taken  as  1  x  10''* 
cm“  ’  [1]  and  the  barrier  height  was  estimated  to 
be  0.61  V  [11].  This  estimated  barrier  height  of 
0.61  V  was  much  lower  than  the  Schottky  barrier 
height  of  1..5  V  for  Au/p-ZnSe.  In  the  following, 
the  dependence  of  the  I-V  characteristics  on  the 
barrier  height  will  be  discussed. 

Details  of  the  analytical  procedure  will  be  given 
elsewhere  [11],  and  mainly  numerical  results  are 
di.scussed  in  this  work.  The  l-V  characteristics 
were  calculated  for  several  barrier  heights  at  the 
metal/p-ZnSe  contact,  as  shown  in  Fig.  ?>.  The 
dashed  line  is  the  p-n  junction  voltage,  which 
does  not  depend  on  the  barrier  height.  The  ac¬ 
ceptor  concentration  in  the  p-ZnSe  layer  was 
a.ssumed  to  be  1  X  lO"'  cm  ‘  \  which  is  the  highest 
net  acceptor  concentration  obtained  with  MBE 
up  to  now.  A  variation  of  the  barrier  height  by  0.1 
V  results  in  a  variation  of  the  current  by  more 
than  one  order  of  magnitude.  A  barrier  height 


t  ig.  Thcorcliciil  fit  lo  the  measured  /  - 1  ’  characteristics  for 
a  blue/green  laser  diode  [I]  shown  by  closed  circles.  The 
dashed  line  was  calculated  without  considering  the  thermionic 
emission  current  flow  over  the  barrier. 


Fig.  .S.  Barrier  height  dependence  of  diode  /  I  characteris¬ 
tics  calculated  for  an  acceptor  concentration  of  1x11)”'  cm 
Ifashed  line  is  the  p-n  junction  voltage. 
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Fig.  4.  :ceptor  conccnlration  dependence  of  tunneling  cur¬ 
rent  (lowing  through  a  metal /p-ZnSe  interface  calculated  for 
a  harrier  height  0.35  V. 

greater  than  0.6  V  results  in  a  very  low  current 
flow.  Therefore,  the  assumption  of  a  Schottky 
barrier  height  of  1.-1  V  results  in  the  extremely 
low  current  flow'  and  is  not  a  realistic  value  to  fit 
the  measured  /-T  characteristics. 

The  reason  why  the  estimated  barrier  height 
was  low  is  not  clear  at  pre.sent.  One  possibility  is 
the  Schottky  effect  which  reduces  the  effective 
barrier  height  with  an  image  potential.  The  low¬ 
ering  of  the  barrier  height  was  estimated  to  be 
0.12  V  for  a  reverse  bias  of  10  V.  This  docs  not 
explain  the  measured  barrier  height;  however,  the 
position  of  the  maximum  barrier  height  is  sepa¬ 
rated  from  the  Au/p-ZnSe  interface  by  only  ~  7 
A.  Therefore  it  is  probable  that  the  barrier  height 
for  the  tunneling  is  influenced  by  the  slight  inter¬ 
face  mixing  after  thermal  annealing.  The  result 
shown  in  Fig.  ,1  indicates  that  the  diode  voltage 
for  a  current  density  of  1  kA/cm’.  which  will  be 
high  enough  for  laser  operation  at  rwim  tempera¬ 
ture  with  an  adequate  structural  design,  will  he 
reduced  below  V  when  the  harrier  height  is 
reduced  to  0..1  V. 

The  tunneling  current,  which  dominates  the 
l-V  characteristics  in  Fig.  .1  in  the  high  voltage 
region,  is  also  sensitively  dependent  on  the  accep¬ 
tor  concentration  in  p-ZnSe.  It  has  been  calcu¬ 
lated  for  several  acceptor  concentrations,  as 
shown  in  Fig.  4.  The  barrier  height  in  this  case 
was  assumed  to  be  V.  A  doubling  of  the 
acceptor  concentration  results  in  more  than  one 
order  of  magnitude  change  in  the  t-V  character¬ 


istics.  Therefore,  a  reproducible  high  acceptor 
concentration  is  necessary  for  reproducibly  g(H)d 
l-V  characteristics  in  laser  diodes. 

It  is  well  known  that  tunneling  probabilities  do 
not  depend  on  temperature.  Therefore,  the  tun¬ 
neling  current  shows  a  temperature  dependence 
smaller  than  those  of  the  usual  thermal  pro¬ 
cesses.  The  tunneling  current  density  at  77  and 
300  K  showed  a  change  of  about  10  times.  This 
variation  arises  from  the  temperature  depen¬ 
dence  of  the  energy  distribution  of  carriers  in  the 
metal. 


3.  Relation  between  ohmic  contact  resistance  and 
diode  operation  voltage 

It  has  been  reported  that  even  when  the  mea¬ 
sured  ohmic  contact  resistance  was  low,  the  diode 
voltage  for  laser  operations  was  still  above  10  V 
[7,9],  The  relation  of  these  apparently  contradic¬ 
tory  phenomena  will  be  discussed  in  the  follow¬ 
ing.  The  diode  voltage  for  laser  operations  is 
dominated  by  the  tunneling  current,  as  discussed 
in  the  previous  section.  On  the  other  hand,  for 
the  current  flow  across  the  metal/ p-ZnSe  for  low 
bias,  which  will  be  the  usual  ca.se  for  the  mea¬ 
surements  of  the  ohmic  contact  resistance, 
thermionic  emission  will  dominate,  as  indicated 
in  Figs.  2  and  3. 

For  the  schematic  representation  of  the  mea¬ 
surement  of  the  series  resistance  through  two 
surface  contacts  shown  in  Fig.  .s.  the  thermionic 
emission  current  density  flowing  over  the  barrier 
is  given  by 

=  .47  -  exp(  -qtbfi/kT) 

x[l  -exp( -r/F,/^'f')]-  (') 


^  1 


p>ZnSe  d 


Fig.  5.  Schematic  representation  of  the  measurement  of  i>hmic 
contact  resistance. 


/.  Suenume  /  Journal  of  Crystal  Growth  13S  119^4)  7I4-71H 


717 


where  A  is  the  Richardson  constant  given  by 
12(Xm*//M||)  A/cm^  The  current  flow  in  Fig.  5 
will  be  limited  by  the  surface  contact  under  re¬ 
verse  bias.  For  a  moderate  reverse  bias  of  < 
kT/q.  the  ohmic  contact  resistance  is  given  by 
the  differential  resistance  derived  from  Eq.  (1)  as 

=  (k/qAT)  exp(q<i>^/kT)  (li  cm’).  (2) 

Therefore  the  ohmic  contact  resistance  for  a  given 
temperature  is  determined  solely  by  the  barrier 
height. 

Using  a  hole  effective  mass  of  0.6  for  p-ZnSe, 
the  ohmic  contact  resistance  at  room  temperature 
is  '  6  X  10  ■'  /i  cm’  for  a  barrier  height  of  0.3 
V.  For  a  surface  contact  area  of  50  /xmX  KM) 
/am,  the  series  resistance  at  the  contact  is  r,^/S 
=  12  O.  The  sheet  resistance  of  p-ZnSe  for  a 
hole  concentration  of  p  =  2x  10  ”  cm  '.  mobility 
of  p.  =  1(1  cm  VV  •  s.  and  film  thickness  of  d  =  1 
^m  will  be  given  as  p/d  =  \ /qppd  =  \f>  k/2. 
Then,  for  L  =  KM)  pm.  this  results  in  a  scries 
resistance  of  16  kf2.  When  a  bias  voltage  of  10  V 
is  applied  for  the  measurement,  the  series  con¬ 
nection  of  the  above  electrical  resistances  in  the 
circuit  of  Fig.  6  will  result  in  S  mV  induced  at  the 
surface  contact.  This  reverse  bias  at  the  surface 
contact  satisfies  the  above  condition  of  F,  <  kT/q. 

It  will  be  clear  from  the  above  discussion  that 
the  main  current  flow  mechanism  is  different 
between  the  laser  diode  operation  and  the  mea¬ 
surement  of  the  ohmic  contact  resistance.  The 
former  is  dominated  by  the  tunneling  current. 
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while  the  latter  is  dominated  by  the  thermionic 
emission  current.  This  different  current  flow 
mechanism  will  show  the  apparent  inconsistency 
between  the  low  ohmic  contact  resistivity  and  the 
high  diode  operating  voltage. 


4.  Study  of  I-V  characteristics  measured  on 
diodes  grown  by  MOVPE 

In  this  section.  l-V  characteristics  of  diodes 
recently  grown  by  MOVPE  will  be  discussed  from 
the  viewpoint  of  the  present  theoretical  model. 
Two  ZnSe/ZnSSe  heterostructures  were  studied. 
One  is  an  n-i-i  heterostructure  diode  where  the 
upper  ZnSSe  cladding  layer  was  left  undoped 
[12],  and  the  other  is  a  p-i-n  heterostructure 
where  the  upper  ZnS|,|„Se„ui  cladding  layer  was 
doped  p-type  with  nitrogen  incorporation  [13]. 
An  Au  electrode  was  used  in  both  heterostruc- 
turcs. 

The  l-V  characteristics  measured  for  the  n-i-i 
heterostructure  with  pulsed  operation  are  shown 
by  the  closed  circles  in  Fig.  6.  A  reasonable  fit 
assuming  a  tunneling  current  was  not  possible  in 
this  case,  and  the  low  bias  range  was  fitted  by 
considering  only  thermionic  emission.  The  barrier 
height  was  estimated  to  be  0.37  V  from  the  fit¬ 
ting.  The  increa.se  above  the  solid  line  is  taken  to 
be  the  contribution  of  the  electron  current  flow¬ 
ing  over  the  active  layer.  This  interpretation  is 
consistent  with  the  optical  properties  observed 
for  this  diode  [12]. 

The  l-V  characteristics  measured  on  the  p-i- 
n  heterostructure  are  shown  by  the  dosed  circles 
in  Fig.  7.  The  /-I'  characteristics  below  a  voltage 
of  6  V  were  fitted  reasonably  well  with  the  bar¬ 
rier  height  of  0.37  V  and  a  net  acceptor  concen¬ 
tration  of  8  X  10'^  cm  '.  The  current  tlow  for  the 
higher  bias  was  much  lower  than  this  fitting  curve. 
This  deviation  may  be  due  to  a  reduction  of  the 
net  acceptor  concentration  from  the  metal/ 
semiconductor  interface  toward  the  p-n  junction. 
The  curves  calculated  assuming  reduced  net  ac¬ 
ceptor  concentrations  shown  in  Fig.  7  give  a  rea¬ 
sonable  interpretation.  There  are  two  possible 
explanations  for  this  phenomenon.  The  het- 
crostructure  was  grown  at  560T'  by  MOVPE,  and 
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Fig.  7.  l-V  characteristics  (•)  measured  for  a  p-i-n  diode 
grown  by  MOVPE  and  theoretical  fit  considering  tunneling 

current  and  thermionic  emission  ( - ).  For  a  reasonable 

fit  at  higher  bias,  a  reduced  net  acceptor  concentration  to¬ 
ward  the  p-n  junction  was  assumed. 

diffusion  of  iodine  from  the  lower  n-type  cladding 
layer  into  the  upper-grown  layers  has  been  .sug¬ 
gested  [12,13].  This  depth-dependent  compensa¬ 
tion  may  be  one  possibility.  The  other  is  the 
possible  de.sorption  of  hydrogen  from  the  grown 
surface  during  the  cooling.  This  may  recover  .some 
nitrogen  acceptors  near  the  surface. 

In  both  cases,  the  barrier  height  at  the 
Au/ZnSSe  contact  was  estimated  to  be  0.37  V. 
which  is  lower  than  the  barrier  height  of  0.61  V 
estimated  for  the  diode  laser  [Ij.  This  result  is 
consistent  with  the  much  improved  l-V  charac¬ 
teristics  in  the  p-n  diodes  grown  by  MOVPE 
compared  with  laser  diodes  grown  by  MBE 
[12,13].  This  also  suggests  that  the  barrier  height 
is  dependent  on  the  growth  methods  and  growth 
conditions.  Therefore  lowering  of  the  barrier 
height  may  be  possible  by  adjusting  these  condi¬ 
tions. 


5.  Conclusion 

Dependence  of  the  II-VI  diode  l-V  charac¬ 
teristics  on  physical  parameters  was  studied  using 
a  recently  developed  theoretical  model.  For  the 
reduction  of  the  diode  voltage  at  high  currents,  a 
reduction  of  the  metal/semiconductor  barrier 
height  below  0.3  V  and  net  acceptor  concentra¬ 
tions  above  I  X  lO''*  cm  '  will  be  necessary.  It 
has  been  shown  that  a  lower  barrier  height  was 
possible  in  heterostructure  diodes  grown  by 


MOVPE.  This  shows  that  the  barrier  height  is 
not  a  fixed  parameter  but  can  be  adjusted  by.  for 
example,  the  selection  of  growth  method.  The 
relation  between  the  measurement  of  ohmic  con¬ 
tact  resistance  and  the  diode  voltage  for  laser 
operations  was  discussed.  It  was  shown  that  the 
current  flow  mechanism  is  different  between  the 
two  ca.ses  and  that  this  resulted  in  apparently 
inconsistent  characteristics. 
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Abstract 

Gain  spectroscopy  and  population  dynamics  arc  investigated  in  ZnCdSc/ ZnSSc/ ZnMgSSc  separate  eonline- 
menl  helerostruclure  (SC'H)  diode  lasers.  Both  steady  stale  and  time-resohed  methods  are  applied  to  eharacleri/e 
the  dense  electron-hole  pair  gas  in  the  ZnCdSe  active  quantum  well  (QW)  region  from  77  K  to  room  temperature. 
Effects  due  to  the  carrier  interaction  with  optical  phomms  and  electron-hole  Coulomb  effects  are  discussed.  .A 
direct  measurement  of  the  carrier  lifetime  at  pair  densities  under  typical  laser  conditions  has  also  been  obtained. 


I.  Introduction 

Good  progress  is  being  made  with  the  blue- 
green  diode  lasers,  where  several  groups  have 
recently  focused  on  the  ZnCdSe/ ZnSSe/ 
ZnMgSSe  separate  confinement  hctcrostructure 
(SCH)  diode  lasers  [I],  For  e.xample,  ridge  wave¬ 
guide  devices  which  also  incorporate  ZntSe.Te) 
graded  gap  ohmic  contacts  have  been  realized  in 
the  authors'  group  for  CW  operation  at  voltages 
approaching  4  V  at  rottm  temperature  [I).  A 
consequence  of  extended  device  lifetime  (espe¬ 
cially  under  low  duty  cycle  pulsed  eonditions)  is 
that  issues  of  gain  tmd  electron-hole  pair  popula¬ 
tion  dynamics  can  now  be  studied  spectroscopi¬ 
cally.  Such  information  will  be  important  in  the 
continuing  efforts  to  optimize  the  optical  and 
electronic  designs  of  the  diode  lasers.  In  this 
paper  we  present  recent  results  in  which  the  gain 
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spectra  of  a  SCH  diode  laser  has  been  deter¬ 
mined  by  a  technique  which  correlates  sponta¬ 
neous  emission  (through  the  top  of  a  device)  with 
its  stimulated  output  (through  the  cleaved  facets). 
In  general,  gain  characterization  in  the  wide  gap 
ll-VI  diode  lasers  has  so  far  been  very  sparse, 
limited  mainly  to  extraction  of  the  gain  coeffi¬ 
cient  from  the  threshold  current  density  and 
without  any  spectri>scopic  insight.  By  applying 
ultrashon  pulse  excitation  from  an  external  laser 
source,  we  have  also  measured  the  electron-hole 
pair  lifetime  in  the  SCH  structure  over  a  wide 
range  of  temperatures. 


2.  Background;  gain  spectroscopy  in  optically 
pumped  structures 

One  of  the  “optical  precursors"  to  the  blue/ 
green  diode  laser  demonstration  was  the  recogni¬ 
tion  that  the  (Zn.Cd)Se/Zn.Se  quantum  well 
(OW)  was  an  effective  type  I  system,  with  useful 
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ciuasi-2D  electronic  properties  [2],  Beyond  the 
demonstration  of  an  optically  pumped,  pulsed 
room  temperature  laser  operation  [,■?],  this  QW 
was  also  the  subject  of  a  range  of  spectroscopic 
studies,  including  the  gain  spectroscopy  at  cryo¬ 
genic  temperatures  (typically  T  =11  K)  in  struc¬ 
tures  which  did  not  incorporate  a  pn-junction.  In 
this  section  we  wish  to  highlight  some  of  the 
principal  conclusions  of  these  earlier  results  in 
the  authors'  group,  before  returning  to  the  diode 
lasers  themselves. 

In  the  low  temperature  work  we  raised  the 
basic  question  about  the  presence  of  an  exciton 
component  in  the  stimulated  emi.ssion  in  the 
Zn,Se-hased  OWs.  As  shown  elsewhere,  the  un¬ 
usual  condition  in  the  ZnSe-based  OWs  is  that 
the  exciton  binding  energy  can  be  made  large 
enough  so  that  the  LO-phonon  induced  dissocia¬ 
tion  process  into  the  free  e-h  pair  continuum  is 
much  weakened.  This  circumstance,  which  is  not 
found  in  the  bulk  (or.  e.g..  in  GaAs  OWs).  allows 
the  e.xeitons  to  be  present  in  principle  not  only  in 
absorption,  but  also  in  emission  beyond  liquid 
helium  temperatures.  Direct  evidence  for  the 
presence  of  "excitonic  gain"  in  the  (Zn.Cd)Se 
MOW  structures  was  obtained  by  using  ultrafast 
time-resolved  speetroscopic  methods  [4..^].  In 
these  pump-probe  experiments  (with  both  beams 
traveling  through  the  structure  perpendicular  to 
Uiyer  planes),  a  form  of  photomodulation  spec¬ 
troscopy  is  performed  so  that  the  probe  pulses 
measure  the  optical  constants  near  the  n  =  I  HH 
exciton.  following  the  intense  short  pufse  excita¬ 
tion  ;it  time  t  =  0.  Fig.  I  shows  the  results  of  one 
such  experiment  at  /'=  77  K  for  a  structure  hous¬ 
ing  six  (Zn.Cd)Se  QWs.  each  of  .^(1  A  thickness. 
The  gain/ absorption  spectrum  measured  by  the 
probe  10  ps  after  the  resonant  excitation  by  the 
pump  is  displayed,  as  well  as  the  absorption  in 
the  absence  of  excitation  (establishing  the  exciton 
resonance  profile  for  reference).  Note  that  while 
most  of  the  exciton  resonance  is  maintained  (as 
an  absorptive  entity),  large  reduction  of  absorp¬ 
tion  as  well  as  actual  presence  of  gain  is  realized 
on  the  low-energy  tail  of  the  resonance.  In  a 
sample  with  cleaved  end  facets,  laser  emission 
ensues  at  a  photon  energy  consistent  with  the 
position  of  maximum  gain.  The  experimental  ac- 
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Fig.  I.  Ciain/ahst>rptii)n  spectra  of  a  (Zn.C’d)Sc/ZnSe  MQW 
sample,  tibtained  in  the  transient  pump-probe  experiment  at 
T-11  K.  The  t>pen  circles  show  the  n=  1  HU  exciton  ab¬ 
sorption  in  the  absence  t^f  the  pump,  while  closed  triangles 
show  the  optical  properties  i^f  the  photoexcited  OW  at  II)  ps 
following  the  pump  pulse.  The  laser  emission  spectrum  ob¬ 
tained  in  a  separate  optical  pumping  experiment  on  a  cleaved 
sample  is  also  shown.  ct>inciding  spectrally  to  the  presence  of 
gain  at  around  tuo  «  2..hK.S  eV. 

curacy  is  such  that  the  actual  measurement  of  the 
gain  coefficient  (g=1.5()()  cm  '  at  tuo  =  2.5i<S 
eV)  is  possible.  The  details  of  observed  dynamical 
behavior  can  be  understood  on  the  basis  of 
broadening  of  the  exciton  absorption  line  by  exci- 
ton-exciton  collisions,  followed  by  the  exciton 
population  energy  relaxation  to  the  low  energy 
tail,  where  gain  develops.  Both  from  the  stand¬ 
point  of  the  typical  electron-hole  pair  densities 
at  laser  threshold  (  -  .S  x  ID"  cm  ’  at  77  K)  and 
from  the  experimental  observation  of  the  remain¬ 
ing  presence  of  (a  partially  saturated)  exciton 
resonance  in  pump-probe  experiments,  we  de¬ 
duced  that  a  free  electron-hole  plasma  is  clearly 
not  present  at  cryogenic  temperatures  (e.g.  at 
7' =77  K),  and  appears  to  play  a  much  dimin¬ 
ished  role  even  at  higher  temperature  conditions. 

These  experimental  results  beg  the  question  as 
to  the  importance  of  Coulomb  interactions  be¬ 
tween  the  carriers  in  the  new  blue/ green  diode 
lasers,  under  nnim  temperature  conditions.  In 
the  decades-old  standard  model,  where  gain  and 
stimulated  emission  are  retrieved  from  a  degen¬ 
erate  free-electron-hole  plasma  (KHP).  the  al¬ 
lowance  for  the  many-body  electron/hole 
Coulomb  interactions  (exchange  and  correlation) 
can  be  made  to  first  order  by  simply  renormaliz- 
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ing  the  bandgap  according  to  a  density  depen¬ 
dence  (which  is  also  a  function  of  the  dimension¬ 
ality  of  the  system).  In  the  new  11-Vl  OW  lasers, 
given  the  clear  evidence  of  excitonic  component 
at  cryogenic  temperatures,  a  fundamental  ques¬ 
tion  exists  about  the  relationship  between  the 
pairwise  Coulomb  correlations  and  the  two-com¬ 
ponent  Fermi  liquid;  that  is,  how  and  under  what 
conditions  does  a  transition  from  one  to  the  other 
take  place. 

Another  issue  of  practical  consequence  on  gain 
characteristics  which  draws  from  the  polar  nature 
of  ZnSe-based  II-VI  semiconductors  is  the  very 
strong  coupling  of  electron-hole  pairs  with  the 
longitudinal  optical  (LO)  phonons  via  the  Frdhlich 
interaction.  Major  consequences  of  this  for  a 
room  temperature  light  emitter  are:  (a)  broaden¬ 
ing  of  optical  linewidths  and  (b)  decrease  in  the 
carrier  mobility,  especially  for  holes.  A  measure 
of  the  former  can  be  obtained  from  the  linewidth 
of  the  exciton  re.sonancc  in  a  ZnCdSc/ZnSc  QW 
as  a  function  of  temperature  [6],  Beyond  cryo¬ 
genic  elevated  temperatures,  the  Frdhlich  inter¬ 
action  (scattering  of  the  electron-hole  pair  by  the 
phonons)  manifests  itself  by  a  pronounced  in¬ 
crease  in  the  exciton  absorption  linewidth.  Such  a 
broadening  would  similarly  "smear”  the  ideal  2D 
density  of  states  edge  in  the  gain  spectrum  of  a 
ZnCdSe  QW  laser  regardless  of  the  detailed 
model  used  (exciton  or  EHP).  We  note  that  this 
effect  is  6-8  times  larger  than  in  GaAs  lasers 
(based  on  the  ratio  of  the  known  Frdhlich  con¬ 
stants).  Elsewhere,  in  p-ZnSc.  mobility  measure¬ 
ments  have  recently  yielded  values  on  the  order 
of  cmVV  s  at  r=.3(M)  K  [7}  and 

lower  [8],  Such  low  values  (even  if  containing 
extrinsic  scattering  contributions)  indicate  the 
severity  of  the  polar  mode  (LO-phonon)  scatter¬ 
ing  for  holes  through  the  prism  of  a  transport 
experiment.  (In  unstrained  bulk  material,  of 
course,  the  dominant  hole  state  is  the  heavy  mass 
one  corresponding  to  the  7  =  -V-  state  at  k  =  0.) 

A  pedagogical  schematic  illustration  of  the  im¬ 
pact  of  the  interaction  between  LO-phonons  and 
e-h  pairs  on  the  gain  of  a  QW  laser  is  shown  in 
Fig.  2,  in  which  the  calculated  gain  spectra  (the 
zero  in  the  horizontal  axis  corresptmds  to  the 
band  gap)  in  a  simple  electron-hole  plasma 
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Fig.  2.  Gain  in  a  ZnCdSe/ZnSSc  QW.  calciilatL'd  in  an  ideal 
2D  eleciron-hole  system  in  the  i)ne-elcctu>n  model  at  /  =  .'(Hi 
K.  showing  the  effects  of  scattering  (characleri/ed  by  a  brttad- 
ening  parameter  -1  in  units  of  meV). 

(EHP)  model  is  shown  for  a  (Zn.Cd)Se/Zn(S.Se) 
case  at  room  temperature.  Only  the  n  -  1  levels 
in  the  conduction  band  and  HH  valence  band  are 
considered.  In  this  calculation,  we  use  the  follow¬ 
ing  values  for  the  in-plane  effective  masses:  - 

().147w„  and  m,„,  =  The  scattering  is 

included  by  convolving  the  product  of  the  density 
of  states  and  the  Fermi  distribution  by  a 
Lttrentzian  lineshape  function  with  linewidth  pa¬ 
rameter  J.  In  general,  the  choice  of  this  line- 
shape  function  depends  on  the  physical  model  of 
the  scattering  for  the  carriers  [9];  in  particular  for 
the  very  large  broadening  which  may  occur  in  the 
11-Vl  lasers,  the  validity  of  the  usual  adiabatic- 
approximations  have  to  be  re-examined.  The  as¬ 
sumed  c-h  pair  density  in  a  /.„  =  100  A  well  has 
been  taken  as  =  3  x  lO'-  cm  ^  a  value  which 
is  in  the  range  of  typical  experimental  conditions. 
In  this  example,  note  how  the  sharp  2D  density- 
of-states  edge  is  quickly  eliminated  and  the  peak 
gain  is  suppres.sed.  At  the  same  time,  for  moder¬ 
ate  broadening,  gain  becomes  available  below  the 
2D  bandgap.  For  this  injection  density,  no  gain  is 
available  when  J  exceeds  a  value  of  about  ,30 
mcV. 

3.  Experimental  results:  gain  spectroscopy  of  SCH 
diode  lasers 

The  ZnCdSe/ZnSSe/ZnMgSSe  separate  con¬ 
finement  heterostructure  diode  la.ser  structures 
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were  grown  by  moleeular  beam  epitaxy  in  a  two 
ehamber  maehine.  on  n-GaAs  buffer  layers  and 
substrates.  The  active  ZnCdSe  OW  layerts),  of  75 
A  thickness,  were  sandwiched  between  p-  and 
n-type  layers  of  ZnSSe  of  approximately  KKM)  A 
in  thickness,  respectively.  The  outer  p-  and  n-type 
cladding  layers  of  ZnMgSSe  were  approximately 
1  pm  thick.  To  facilitate  an  ohmic  contact,  a 
graded  gap  ZnScTe  ohmic  contact  layer  [10]  was 
grown  atop  the  p-ZnMgSSe.  Details  of  the  growth 
can  he  found  in  ref.  [llj.  Gain  guided  devices 
with  20  pm  wide  stripes  were  fabricated  with 
indium  tin  oxide  (ITO)  top  transparent  electrodes 
[12].  .Spectroscopy  was  performed  by  recording 
the  spontaneous  emission  through  the  top  elec¬ 
trode  and  the  stimulated  (or  spontaneous)  emis¬ 
sion  through  the  cleaved  end  facets,  as  shown 
schematically  in  Fig.  ,1a,  which  also  shows  the 
layered  heterostructure.  Fig.  .1b  shows  an  exam¬ 
ple  of  the  top  emission  spectra  of  a  device  for 
different  levels  of  current  injection  at  room  tem¬ 
perature.  The  active  region  of  this  particular  de¬ 
vice  was  composed  of  three  quantum  wells.  The 
well  thickness  was  =  75  A  and  the  separating 
ZnSSe  barriers  were  T,,  =  1(H)  A  thick.  The  room 
temperature  pulsed  threshold  current  for  the  laser 
devices  ranged  from  280  to  400  mA  depending  on 
the  lengths.  The  typical  threshold  current  density 
was  about  /„,  =  1.4  kA/cm'.  i.e.  approximately 
470  A/cm’  per  OW. 

The  correlation  between  spontaneous  emission 
(top  emission)  and  edge-stimulated  emission 
spectra  was  first  employed  by  Flenry  ct  al.  to 
derive  actual  gain  spectra  for  a  GaAs  double 
heterostructure  laser  [1.1].  It  has  been  subse¬ 
quently  used  t(  construct  detailed  gain  spectra 
for  GaAs  OW  diode  lasers  as  well  [14].  The 
formulation  is  independent  of  the  details  of  the 
gain  mechanism  or  the  nature  of  the  electronic 
states  that  participate  in  the  radiative  process, 
and  draws  from  the  fundamental  connection  be¬ 
tween  gain  and  absorption  by  detailed  balance 
arguments.  This  leads  to  the  following  explicit 
relationship  between  the  gain  spectrum  gl/Oand 
experimental  spontaneous  emission  spectrum 
Si  I’),  where  the  separation  between  the  quasi- 
F'ermi  levels.  J/:',. .  is  also  experimentally  ob¬ 
tained  from  the  spontaneous  emission  spectrum 
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Fiji.  3.  Ui)  Expcrimcnial  gcomelrv  lor  ihe  gain  spectroscopy  in 
(he  ZnCUSe/ZnSSe/ZnMgSSe  SC'H  QW  diode  laser  strut- 
lures,  (h)  The  spontaneous  emission  spectra  al  T  =  3(K)  K. 
obiained  through  the  transparent  top  electrode  at  different 
levels  of  current  injection. 


at  threshold  conditions  and  the  known  position  of 
laser  emission: 


,C'(  F,  Jt,  )  =  ( 


S(L) 

£’ 


1 


kT  I 


In  this  expression,  C  includes  fundamental 
constants  and  experimental  amplitude  calibration 
factors.  By  following  such  an  approach,  and  with 
input  provided  directly  from  our  experiments. 
Fig.  4  shows  the  results  for  the  gain  spectrum  of  a 
typical  SCH  QW  diode  laser  at  T  =  77  K  and  at 
room  temperature,  for  different  levels  of  current 
injection.  While  spectral  lineshapes  can  be  reli¬ 
ably  obtained  by  the  technique,  quantitative  cali¬ 
bration  of  the  vertical  axis  is  difficult,  Flence  we 
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have  found  it  more  reliable  to  obtain  such  cali¬ 
bration  from  the  cavity  length  dependence  of  the 
threshold  current.  The  peak  modal  gain  coeffi¬ 
cient  at  threshold  condition  for  this  particular 
device  is  determined  to  be  48  cm  '.  On  the  low 
energy  side  (e.g.  for  ttio  <  2.47  eV  at  7=  300  K), 
the  value  of  gain  is  substantially  larger  than  the 
original  absorption,  indicative  of  the  impact  of 
the  large  homogeneous  broadening  in  our  system. 
We  comment  on  these  features  below.  A  larger 
spectral  window  of  gain/ absorption  spectra  at 
room  temperature  is  shown  in  Fig.  5,  where  the 
unambiguous  presence  of  both  the  n  =  1  HH  and 
LH  exciton  resonances  is  quite  evident  at  photon 
energies  of  hw  =  2.52  eV  and  2.625  eV,  respec¬ 
tively.  when  the  injection  current  is  low.  The 
identification  of  the  LH  state  is  made  clear  by 
analyzing  the  polarization  of  the  edge  emission  at 
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old. 


around  2.62  eV.  (The  uniaxial  strain  in  the 
ZnCdSe  QW  (in  our  pscudomorphic  structures) 
splits  the  HH  and  LH  bands  such  that  the  in-plane 
mass  for  the  HH  state  is  relatively  light  ini,  = 
().33/U||).  while  that  for  the  LH  state  is  heavier 
(m,  =  ().5W|,).  Precise  mass  values  require  taking 
into  account  the  mixing  between  the  HH  and  LH 
states  which  occurs  away  from  k  -  0.) 

Another  important  and  useful  experimental 
parameter  in  the  new  blue/ green  laser  diodes 
which  has  not  been  directly  measured  so  far  is 
the  electron-hole  pair  lifetime.  This  quantity  is 
required,  for  example,  to  calculate  the  pair  den¬ 
sity  in  the  OW  for  a  given  injection  level  in 
modeling  of  the  laser  and  its  gain  quantitatively. 
We  have  performed  time-resolved  photolumines¬ 
cence  experiments  in  the  same  SCH  diode  laser 
structures,  where  ultrashort  (picosecond)  pulses 
from  a  tunable  dye  laser  have  been  used  as  the 
source  of  excitation.  The  photon  energy  of  this 
excitation  was  carefully  controlled  to  coincide 
with  the  absorption  edge  of  the  ZnSSe  ternary, 
hence  mimicking  the  carrier  injection  under  ac¬ 
tual  diode  laser  operating  conditions.  A  wide 
range  of  excitation  conditions  have  been  studied 
in  order  to  distinguish  between  radiative  and 
nonradiative  contributions  to  the  decay  of  the 
transient  luminescence.  For  example,  sufficient 
levels  of  excitation  were  required  for  these  SCH 
structures  in  order  to  saturate  defect  and  impu- 
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lilv  related  traps.  A  relatively  high  exeitation 
level  is  also  neeessary  in  ;in  unbiased  deviee  in 
order  to  shunt  the  built-in  depletirrn  field  at  the 
(JW  position,  whieh  otherwise  interferes  with  the 
lifetime  measurements  (by  separating  the  elec¬ 
tron-hole  pairs  and  hence  acting  like  a  fast  pho- 
todeteetor).  t  ig.  (la  shows  an  example  of  the 
actual  experimental  datti  of  transient  lumines- 
eenee  signals  from  /'  ^  77  K  to  ,100  K  (on 
semilogarithmie  scale),  under  optiettl  exeitation  at 
a  level  which  is  ei)uivalent  to  a  current  inicclion 
ol  2(K)  niA  (below  laser  threshold).  A  single  expo¬ 
nential  deeav  is  dominant,  l  ig.  bb  summarizes  a 
portion  ol  our  lilctimc  measurements,  ilisplaying 
the  decay  time  constant  as  a  function  o(  tempera¬ 
ture  Iron  /  =  10  K  to  room  temperature. 


4.  Discussion 

The  experimentally  derived  gain  and  absorp¬ 
tion  spectra  in  l-'igs.  4  and  .x  provide  a  heretoforih 
largely  unavailable  glimpse  at  the  operation  of 
the  SCH  diode  laser.  The  gain  spectra  of  Fig.  4  at 
room  temperature  show  a  striking,  nearly  expo¬ 
nential  tail.  There  are  at  least  three  contributions 
to  the  low  energy  tail:  (i)  Alloy  potential  tluctua- 
lion.s.  which  add  an  inhomogeneous  contribution 
of  approximately  b-7  meV  for  the  Cd  composi¬ 
tion  in  our  structures  (.v  ~  0.1.^)  (in  good  agree¬ 
ment  with  the  experimentally  observed  low-tem- 
perature  exciton  absorption  linewidth).  (ii)  the 
F'rdhlich  interaction  which  is  a  major  contributor 
to  homogeneous  linewidth  broadening  of  optical 
resonances  in  the  ZnSe-based  O  is  at  room  tem¬ 
perature.  This  effect  can  add  on  the  order  of 
2()-.x()  meV  to  the  linewidth  (depending  on  the 
details  of  the  (^W  configuration,  e.g.  in  terms  of 
the  particular  hole  sltiles  that  are  involved),  (iii) 
The  many  body  interaction  (scattering)  in  the 
many  particle  electron-hole  gas.  either  direct  or 
intermediated  by  phonons,  makes  another  contri¬ 
bution  at  higher  carrier  densities.  (Under  typical 
laser  diode  conditions,  e-h  pair  densities  are  not 
yet  high  enough  to  significantly  screen  the 
F'rdhlich  interaction.) 

While  leaving  the  more  detailed  analysis  of  the 
gain  spectral  lineshape  elsewhere,  we  note  that 
the  result  in  Fig,  4  contains  dominant  contribu¬ 
tions  from  processes  (ii)  and  (iii),  I'he  contribu¬ 
tion  from  the  equilibrium  L()-phonon  popuhition 
has  been  already  referred  to,  including  its  prior 
experimental  approximate  quantification  [(i].  I'he 
importance  of  carrier -carrier  interaction  and  ear- 
rier-nonequilibrium  phonon  interaction  (pho¬ 
nons  emitted  by  the  carriers  during  their  energy 
relaxation  processes)  can  he  directly  seen  in  the 
linewidth  of  the  spontaneous  emission  spectrum 
in  the  bot'om  panel  of  Fig.  .1.  which  increases 
substantially  at  higher  injection  levels.  The  role  of 
the  carrier-carrier  scattering  can  he  addressed  in 
two  limits  as  Coulomb  interactions  in  terms  of  a 
pairwise  contribution  (exciton-like  hound  states) 
or  that  in  a  many-body  Fermi  liquid,  respectively. 
I  he  former  was  already  shown  to  be  important  in 
stimulated  emission  at  eryogenie  temperatures  in 
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the  optical  pumping  experiments  on  ZnCdSe  QWs 
in  Fig.  1.  At  room  temperature  under  high  injec¬ 
tion  conditions,  the  distinction  between  the  two 
limits  is  much  more  difficult  to  detail  theoreti¬ 
cally  and  experimentally,  and  may  in  fact  be  to 
some  extent  unrecognizable  in  practice.  However, 
the  fact  that  electron-hole  Coulomb  effects  re¬ 
main  important  in  our  diode  lasers  is  strongly 
suggested  by  the  data  in  Fig.  5.  At  low  levels  of 
injection,  the  HH  and  LH  exciton  resonances  are 
initially  clearly  visible.  Increase  in  the  injection 
level  seems  to  nearly  saturate  the  HH  exciton 
resonance,  while  gain  appears  on  the  low-energy 
side  of  the  HH  exciton  spectrum.  Under  these 
conditions,  where  the  exciton  resonance  merges 
(or  begins  to)  into  the  EHP,  the  pairwise  correla¬ 
tions  seems  to  remain  strong,  in  a  many-body 
analog  to  the  continuum  states  of  a  single  exci¬ 
ton. 

Further  evidence  on  the  impact  of  the  e-h 
Coulomb  interactions  on  the  interband  matrix 
elements  is  obtained  directly  by  the  electron-hole 
lifetime  measurements.  Other  evidence  not  shown 
here  .strongly  supports  the  conclusion  that  the 
lifetime  data  in  Fig,  6  is  measured  in  the  radiative 
limit  for  the  ZnCdSe  QWs.  This  is  consistent  with 
the  roughly  linear  temperature  dependence,  ex¬ 
pected  from  both  a  one-electron  theory  for  radia¬ 
tive  recombination  (no  Coulomb  effects)  and  for 
cxcitons.  However,  when  calculating  the  radiative 
lifetime  from  the  one-electron  model  [15]  for 
the  material  parameters  of  ZnSe  (in  the  effective 
mass  approximation),  we  obtain,  e.g..  at  rtKim 
temperature  a  value  for  t,  >  5  ns.  This  Is  much 
longer  than  the  experimentally  observed  value. 
This  discrepancy  can  be  readily  bridged  when 
adding  Coulomb  effects  that  enhance  the  oscilla¬ 
tor  strength,  here  under  ettnditions  at  which  the 
present  ZnCd.Se  OW  diode  lasers  operate. 

5.  Conclusion 

We  have  demonstrated  how  the  new  ZnCdSe/ 
ZnSSe/ZnMgSSe  SCH  diode  lasers  can  be  stud¬ 
ied  at  room  temperature  in  terms  of  their  optical 
spectra  near  the  n  =  I  OW  state.  Gain  spectral 
lineshapes  have  been  derived  that  show  the  pro¬ 


nounced  effects  of  contributions  by  optical 
phonon  scattering  and  electron-hole  interactir)ii. 
These  effects  suppress  the  maximum  gain  pre¬ 
dicted  from  simple  theory,  yet  provide  gain  in  the 
low-energy  region  of  the  spectrum  where  optical 
attenuation  by  the  uninverted  portion  of  the  opti¬ 
cal  volume  is  reduced.  Radiative  lifetime  data 
also  demonstrate  the  presence  of  this  interaction, 
which  cannot  be  ignored  on  fundamental  grounds 
in  the  11-Vl  QW  emitters.  The  appreciation  of 
these  effects  may  be  of  increasingly  practical  value 
as  novel  diode  laser  designs  are  pursued. 
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Abstract 

Recent  progress  in  research  on  GaN-  and  ZnSc-relaled  materials  is  remarkable.  Based  on  these  results,  this 
paper  compares  the  characteristics  of  GaN-  and  ZnSc-bascd  materials  from  the  viewpoint  of  achieving  reliable  light 
emitting  devices,  in  particular  laser  diodes  (LDs)  based  on  experience  gained  in  the  development  of  LDs  such  as  the 
InGaAsP/InP  and  GaAs/AIGaAs  LDs  widely  used  at  present.  The  relationship  between  lattice  constant  and 
bandgap  energy,  the  dispersion  of  refractive  indices,  the  equilibrium  vapor  pressure  of  elements  over  materials,  and 
self-diffusion  coefficients  can  be  compared.  The  current  status  of  both  materials  is  reviewed  with  respect  to  light 
emitters.  The  transport  devices  are  also  described,  briefly.  Finally,  future  prospects  are  discussed. 


1.  Introduction 

Re.scarch  on  GaN-  and  ZnSe-rclaled  matcrial.s 
has  greatly  progressed  during  the  last  few  years, 
eoming  out  of  a  long  dark  tunnel.  In  ZnSc,  con¬ 
trol  of  the  conduction  type,  which  is  the  most 
difficult  problem,  has  been  achieved  by  molecular 
beam  epitaxy  (MBE).  In  1991,  a  ZnCdSe/ZnSc 
quantum  well  laser  diode  (LD)  successfully 
demonstrated  pulsed  operation  at  riKtm  tempera¬ 
ture  [1).  At  present,  many  researchers  are  striving 
to  achieve  reliable  and  stable  C’W  operation  of 
blue  and  blue-green  lasers.  Meanwhile,  high-qu¬ 
ality  GaN  has  been  grown  by  mctalorganic  vapor 
phase  epitaxy  (MOVPE)  [Z,."?!  and  its  conduction 
type  has  been  successfully  controlled.  Single  crys¬ 
tals  of  InN  and  InGaN  have  also  been  grown  (4J. 
A  GaN/AIGaN  double-hctcrostructurc  (DH)  has 
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shown  optically  pumped  lasing  in  the  UV  region 
at  room  temperature.  High  efficiency  InGaN/ 
GaN  DH  structure  light  emitting  diodes  have 
been  also  obtained. 

In  this  paper,  at  first  the  characteristics  of 
GaN-  and  ZnSc-based  materials  from  the  view¬ 
point  of  achieving  reliable  light  emitting  devices 
are  compared,  in  particular  LDs  based  on  experi¬ 
ence  gained  in  the  development  of  LDs  such  as 
the  InGaAsP/lnP  and  GaAs/AIGaAs  LDs 
widely  used  at  present.  The  relationship  between 
lattice  constant  and  bandgap  energy,  the  disper¬ 
sion  of  refractive  indices,  the  equilibrium  vapor 
pressure  of  elements  over  materials,  self-diffusion 
coefficients  can  be  compared.  In  contrast,  band 
discontinuity,  optical  gain  and  absorption  coeffi¬ 
cient  cannot  be  easily  discussed  because  there  are 
few  clear  data.  For  the  reliability  of  light  emitting 
devices,  disUKation  behavior  and  surface  recom¬ 
bination  velocity  are  important  with  respect  to 
dark  line  defects  and  catastrophic  optical  damage 
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at  facets,  respectively,  but  they  have  not  been 
studied.  Next,  the  application  of  these  wide-gap 
materials  for  transport  devices  are  reviewed 
briefly.  Finally,  the  future  prospects  of  these  ma¬ 
terials  for  light  emitters  are  discussed. 


2.  Requirements  of  materials  for  light  emitters 

To  realize  high-performance  light  emitters,  in 
particular  laser  diodes,  the  following  characteris¬ 
tics  are  required  for  materials  [.“i].  Naturally,  the 
crystal  quality  is  the  most  important  thing.  This  is 
because  the  purity  and  dislocation  density  affect 
conduction-type  control,  radiative  recombination 
and  device  lifetime.  Next,  for  high  performance 
light  emitters.  DH  structure  is  indispensable.  To 
ensure  carrier  confinement  in  the  active  region, 
the  discontinuity  between  active  and  cladding  lay¬ 
ers  in  the  valence  and  conduction  bands  must  be 
more  than  200  meV,  Moreover,  for  optical  con¬ 
finement.  the  difference  of  refractive  indices  has 


to  be  greater  than  UWt.  Regarding  device  fabri¬ 
cation,  tough  electrodes  with  a  low  built-in  volt¬ 
age  are  needed.  Cleaved  mirror  facets  are  better, 
but  of  course,  an  etched  mirror  would  also  do. 


3.  Comparison  of  GaN-  and  ZnSe-based  materi¬ 
als 

At  the  beginning  of  comparison  of  GaN-  and 
ZnSe-based  materials,  the  properties  of  ZnSe 
and  GaN,  and  the  technologies  used  for  them  are 
shown  in  Table  1,  Here.  GaN  with  a  wurtzite 
structure  is  discussed.  As  substrates  for  GaN  and 
ZnSe  growth,  the  (OlKll)  plane  of  sapphire  and 
the  ((Kll)  plane  of  GaAs  are  usually  used,  respec¬ 
tively.  Sapphire  does  not  have  a  wurtzite  struc¬ 
ture,  but  it  is  similar  to  GaN.  The  lattice  mis¬ 
match  between  GaN  and  ((K)01 )  plane  of  sapphire 
is  13.8*^.  This  is  much  larger  than  the  mismatch 
between  ZnSe  and  GaAs.  However,  introducing 
AIN  and  GaN  buffer  layers  [2.3],  good  quality 
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films  can  be  grown,  and  a  typical  X-ray  rocking 
curve  width  of  100  arc  sec  has  been  achieved. 

The  p-type  dopant  for  GaN  is  magnesium.  It  is 
activated  by  low-energy  electron-beam  irradiation 
at  an  acceleration  voltage  of  15  kV  [6].  Thermal 
activation  is  also  possible  [7], 

Regarding  electrodes,  the  ohmic  contacts  for 
both  p-  and  n-type  GaN  can  be  easily  formed 
using  aluminum  and  gold,  respectively.  Mean¬ 
while.  for  ZnSe,  p-type  electrode  formation  is 
difficult.  There  have  been  some  attempts,  but 
they  are  not  sufficient  for  LDs  which  need  low 
voltage  and  high  current  density. 

Further  compari.son  items  besides  Table  1  are 
discussed  below. 

3. 1.  Relationship  between  lattice  constant  and 
bandgap  energy 

The  relationship  between  lattice  constant  and 
bandgap  energy  is  a  basic  consideration  for  de¬ 
vice  fabrication.  The  relationship  between  the 
bandgap  energy  and  lattice  constant  of  various 
materials  is  shown  in  Fig.  1 .  The  bandgap  energy 
of  the  InGaAlN  system  ranges  from  2  to  6.2  eV. 
This  corresponds  to  a  wavelength  of  2(K)  to  6(X) 
nm.  i.c.,  from  ultraviolet  to  red.  From  this  figure, 
in  order  to  form  a  DH  structure  under  lattice¬ 
matching  conditions  which  are  desirable,  the  In¬ 
GaAlN  system  seems  to  have  an  advantage  over 


Fig.  I.  Rclulionship  between  bandgap  energy  and  lattice  oin- 
stanl. 


WAVELENGTH  (nm) 

Fig.  2.  Dispersion  of  refractive  indices.  GaN  data  from  ref.  [^>]. 

II-VI  systems.  Regarding  growth,  the  most  im¬ 
portant  things  are  to  obtain  heteroepita.xial 
growth  and  lattice-matching  between  the  sub¬ 
strate  and  the  film.  Unfortunately,  there  is  no 
substrate  for  homoepita,\ial  growth  yet.  In  this 
figure,  some  candidate  materials  for  substrates 
are  also  shown,  by  open  circles  for  11- VI  systems 
and  by  dotted  lines  for  InGaAlN  systems. 

3.2.  Dispersion  of  refructii  e  indices 

For  the  design  of  light  emitters,  the  refractive 
index,  in  particular  its  dispersion  near  the  band 
edge,  is  very  important.  But  this  dispersion  near 
the  band  edge  is  generally  unknown.  The  disper¬ 
sion  of  refractive  indices  is  shown  in  Fig.  2.  ZnSe. 
ZnSSe.  and  ZnCdSe/ZnSe  multi-quantum  wells 
(MQWs)  were  grown  on  GaAs  substrates.  The 
peak  wavelength  in  photolumincscence  of  ZnCd- 
Se/ZnSe  MQWs  was  520  nm.  These  data  were 
measured  using  the  interference  in  the  rellectivity 
[8].  Detailed  data  will  be  reported  elsewhere.  For 
GaN.  the  dispersion  measured  by  Ejder  [0]  is 
plotted.  A  steep  increase  of  refractive  indices  for 
all  the  films  can  be  observed  near  their  bandgaps. 
The  dispersion  for  GaN  is  noticed  to  be  a  little 
.softer  than  for  the  ZnCdSSe  system,  as  shown  in 
this  figure.  The  difference  in  refractive  index  of 
ZnSe  and  MOWs  is  greater  than  lOG,  which  is 
just  what  is  required. 
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3.3.  Equilibrium  rapor  pressure  of  groups  V  and  V! 
oier  1 1 -VI  and  Ill-V  materials 

The  equilibrium  vapor  pressure  of  elements 
over  compounds  must  be  checked  to  obtain  good 
crystal  growth  and  stable  crystals.  The  equilib¬ 
rium  vapor  pressure  of  V  and  VI  elements  over 
compounds  is  shown  in  Fig.  3  [5,10].  For  compari¬ 
son.  the  pressure  of  group  V  elements  over  GaAs 
and  InP  is  also  shown.  This  pressure  corresponds 
to  a  partial  pressure  of  group  V'  and  VI  elements 
dissolved  in  group  II  and  III  melts,  and  in  equi¬ 
librium  with  the  solid  pha.se.  This  pressure  affeets 
MOVPE  growth  more  severely  than  MBE  be¬ 
cause  the  growth  in  MOVPE  occurs  much  closer 
to  thermal  equilibrium.  For  instance,  the  nitrogen 
pressure  of  InN  is  the  highest  among  these  binary 
materials.  Therefore  InN  growth  requires  a  very 
high  nitrogen  pressure.  This  pressure  also  shows 
the  stability  of  materials  under  high  temperature. 
This  figure  suggests  that  the  InGaAlN  system, 
except  for  InN,  is  more  stable  under  high  temper¬ 
ature  than  II-VI  materials. 

3.4.  Self-diffusion  coefficient 

The  last  item  for  comparison  is  self-diffusion. 
This  seems  to  be  related  to  defects,  such  as 
dislocations  and  deep  states.  The  self-diffusion 

T  (C| 
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Fiji,  .y  Equilibrium  vapur  pressure  of  group  III  and  VI  ele¬ 
ments  over  II  VI  and  III  V  materials,  after  refs.  [.Sj  and  llO]. 
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Fig.  4.  Self-diffusion  coefficient,  after  ref.  [11). 


coefficient  is  important  for  the  stable  operation 
of  a  device  with  a  layer  structure.  The  self-diffu¬ 
sion  coefficient  versus  the  reciprocal  reduced 
temperature.  over  T,  is  shown  in  Fig.  4  [II]. 
Here,  is  the  melting  point.  It  is  instructive  to 
compare  the  self-diffusion  coefficients  of  Ill-V 
and  II-VI  materials.  These  coefficients  for  II-VI 
compounds  can  be  found  to  be  about  3  orders  of 
magnitude  higher  than  those  for  the  Ill-V  mate¬ 
rials.  This  may  account  for  the  pronounced  com¬ 
pensation  effects  in  II -VI  materials,  which  result 
from  the  formation  of  defect-impurity  com¬ 
plexes. 

For  the  InGaAlN  system,  the  data  are  not 
clear.  However,  judging  from  the  equilibrium  va¬ 
por  pressure,  the  self-diffusion  coefficients  are 
probably  similar  to  those  of  other  Ill-V  materi¬ 
als.  Therefore,  defect  generation  and  other  types 
of  degradation  may  be  less  severe  than  in  II-VI 
systems. 


4.  Current  status  of  GaN-  and  ZnSe-based  mate¬ 
rials 

In  this  section,  the  current  status  of  growth, 
doping,  and  light  emitters  is  reviewed.  Finally, 
some  transport  devices  are  also  reviewed. 
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Fig.  5.  Composition  control  of  InGaN,  after  ref.  |I2). 


4. 1.  InGoAlN  system  for  light  emitters 

4. 1. 1.  Composition  control  of  InGaN 

One  important  issue  is  composition  control,  so 
at  first  let  us  describe  the  composition  control  of 
the  ternary  crystal  InGaN  [12],  The  growth 
method  was  MOVPE,  and  the  source  gases  were 
trimethylindium  (TMI),  triethylgallium  (TEG), 
and  ammonia.  The  carrier  and  bubbling  gases 
were  nitrogen.  The  flow  rate  ratio  of  ammonia  to 
the  group  Ill  sources  was  generally  between  2(KK) 
and  2(K)(K).  The  growth  temperature  was  from  500 
to  800°C.  The  reactor  pressure  was  a  constant  76 
Torr.  To  obtain  a  high-quality  crystal,  the  sap¬ 
phire  substrates  were  first  annealed  at  1150°C  in 
ammonia  to  nitride  the  surface.  Fig.  5  shows  the 
relationship  between  the  indium  mole  fraction  of 
InGaN  and  the  flow  rate  ratio  of  indium  to  the 
sum  of  the  group  III  sources.  The  data  are  for  the 
growth  of  a  mirror-smooth  single  crystal  on  a 
sapphire  substrate  at  temperatures  of  5(K),  7(K) 
and  800°C.  The  indium  mole  fraction  was  e.sti- 
mated  from  the  lattice  constant  determined  by 
X-ray  diffraction  measurements,  using  the  as¬ 
sumption  that  they  have  a  linear  relationship. 
The  first  thing  to  notice  is  that  the  incorporation 
of  indium  drops  as  the  temperature  rises.  This  is 
probably  because  the  vapor  pressure  of  indium  is 
higher  than  that  of  gallium.  Another  thing  is  that, 
at  a  temperature  of  8(K)°C,  indium  incorporation 
rises  steeply  when  the  flow  rate  ratio  goes  above 
0.9.  In  InGaN  grown  at  a  temperature  of  8(K)‘’C, 


the  observed  photoluminescence  showed  that  the 
band-to-band  emission  shifted  toward  a  longer 
wavelength  as  the  indium  mole  fraction  was  in¬ 
creased  [13]. 

In  single-crystal  GaAlN,  composition  control  is 
possible  up  to  an  aluminum  mole  fraction  of  0.4 
[14]. 

4.1.2.  Lattice-matching  growth 

In  the  growth  of  the  InGaAlN  system,  a  (O(M)l) 
plane  sapphire  substrate  is  most  commonly  used. 
As  shown  in  Table  1.  13.8%  of  lattice-mismatch¬ 
ing  between  this  substrate  and  GaN  exists.  As 
shown  in  Fig.  1,  the  lattice  constant  of  the  (0113) 
plane  sapphire  comes  near  that  of  GaN  and  this 
new  plane,  (0113),  would  seem  to  be  more  suit¬ 
able.  Actually,  a  GaN  film  grown  on  this  sub¬ 
strate  without  a  buffer  layer  had  been  reported  to 
show  good  crystal  quality  [12].  The  ((MX)1)  plane 
of  ZnO  actually  falls  within  the  InGaAlN  trian¬ 
gle,  and  would  be  even  better  for  DH  structures 
for  optical  devices.  Therefore  the  lattice-match¬ 
ing  growth  on  a  ZnO  substrate  had  been  at¬ 
tempted.  Since  single  crystals  of  ZnO  are  not 
commercially  available,  bulk  ZnO  single  crystal 
was  grown  and  this  substrate  was  made  in  our 
laboratory.  Fig.  6  shows  the  X-ray  diffraction 
spectrum  of  InGaN  with  an  indium  content  of 
22%  on  a  ZnO  substrate.  Only  one  peak  for  the 
InGaN  corresponding  to  the  (0(X)2)  plare  was 
observed  [12],  The  difference  in  the  diffraction 


DIFFRACTION  ANGLE  26  (degree^ 


Fig.  f>.  Lattice-malihing  growth  of  InGaN  on  ZnO  substrate, 
after  ref.  112). 
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Fig.  7.  InGaN/GaN  DH  LED:  (a)  structure  and  (b)  character¬ 
istics.  after  ref.  (1.3). 


angle  of  the  film  and  the  substrate  was  0.44°.  This 
coincides  with  the  difference  in  the  lattice-con¬ 
stant  oriented  along  the  c-axis  between  ZnO  and 
InGaN.  so  there  is  in-plane  lattice-matching  be¬ 
tween  InGaN  and  ZnO. 

However,  the  width  of  the  X-ray  rocking  curve 
is  larger  than  that  of  state-of-the-art  III-V  mate¬ 
rials  like  GaAs.  The  reason  for  this  is  thought  to 
be  that  the  crystal  quality  of  the  ZnO  was  not 
very  good.  In  addition,  neither  the  surface  treat¬ 
ment  of  the  ZnO  nor  the  growth  conditions  for 
InGaN  have  been  optimized  yet. 

4.1.3.  InGaN  /  CraN  DH  LED 

Fig.  7  shows  the  structure  of  an  InGaN/GaN 
DH  LED  and  the  output  power-current  charac¬ 
teristics  [l.S].  n-GaN  and  n-InGaN  were  Si-doped, 
and  p-GaN  was  Mg-dopcd.  The  n-InGaN  film 
was  20  nm  thick,  and  had  an  indium  mole  frac¬ 
tion  of  HY/f .  The  GaN  was  grown  at  a  tempera¬ 
ture  of  l(KK)°C.  and  the  InGaN  at  8(K)°C.  The 
emission  was  blue  with  a  peak  wavelength  of  440 
nm. 


4.1.4.  Stimulated  emission  by  optically  pumping 

Fig.  8  shows  the  device  structure  used  for  the 

demonstration  of  stimulated  emission  by  optical 
pumping  and  the  emission  spectra  [16],  The  de¬ 
vice  had  a  3.5  /tm  thick  n-type  GaN  layer  grown 
on  an  AIN  buffer  layer  on  a  sapphire  substrate. 
The  stripe  width  was  about  2  mm.  Pumping  was 
performed  by  a  nitrogen  laser  with  a  peak  power 
of  250  kW.  The  threshold  pumping  power  for 
stimulated  emission  was  0.7  MW/cm^  at  room 
temperature. 

4.1.5.  Reactive  fast  atom  beam  etching 

As  shown  in  Table  1,  GaN  films  and  sapphire 
substrates  cannot  be  cleaved  to  form  the  cavity 
mirrors  of  laser  diodes.  Therefore  it  is  desirable 
to  form  an  etched  mirror.  GaN  is  etched  with 
phosphoric  acid  at  a  temperature  of  more  than 
150°C.  This  etchant  is  unique  among  the  usually 
used  chemicals.  However,  this  etchant  was  not 
suitable  for  the  etched  mirror,  because  the  etched 
profile  was  not  perpendicular  to  the  top  surface 


pulsed  Nj  laser 
337.1mm 


WAVELENGTH  (nm) 

Fig.  8.  Slimulaled  emission  from  GaN  by  optically  pumping, 
after  ref.  (16). 
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Fig.  1.  Reactive  fast  atom  beam  etching  of  GaN. 


of  the  film.  On  the  other  hand,  in  fabrication  of 
GaAs  LSIs  and  optoelectronic  devices,  dry  etch¬ 
ing  has  succeeded.  Reactive  etching  using  chlo¬ 
rine-containing  gas  is  one  promising  method  [17- 
19],  Successful  etching  of  GaN  is  introduced  be¬ 
low  [20]. 

The  method  used  was  reactive  fast  atom  beam 
etching  (R-FABE)  [19].  The  chlorine  gas  pressure 
during  etching  was  5  X  10"''  Torr.  The  accelera¬ 
tion  voltage  was  about  1.5  kV.  The  substrate  was 
heated  up  to  130°C.  The  etching  rate  was  100  nm. 
Here,  a  hard-baked  photoresist  was  used  for  the 
etching  masks.  After  etching,  these  photoresist 
masks  were  removed  by  oxygen  plasma.  Fig.  9 
shows  a  bird’s  eye  view  of  an  etched  GaN  film 
grown  on  a  sapphire  sub.strate.  The  rather  smooth 
surface  perpendicular  to  the  top  surface  can  be 
observed. 

One  problem  with  using  a  high  kinetic  energy 
is  that  it  can  damage  the  samples,  but  there  is  no 
damage  at  all  with  this  method  becau.se  of  high 
etching  rate.  This  has  been  confirmed  using  GaAs 
laser  diodes.  Therefore,  R-FABE  can  make  it 
possible  to  form  etched  mirror  facets  for  lasers. 
Moreover,  the  etching  rates  of  sapphire  and  pho¬ 
toresist  are  less  than  one  tenth  of  the  rate  of 
GaN.  This  suggests  that  the  R-FABE  technique 
has  good  potential  for  selective  etching  of  epitax¬ 
ial  films.  GaN  islands  on  a  sapphire  substrate  can 
be  fabricated  easily  using  this  technique. 


4.2.  II -VI  materials 

Increase  of  acceptor  concentration  using  tilted  sub¬ 
strate 

In  order  to  stable  operation  in  a  laser  diode, 
the  doping  method  must  provide  both  high  dop¬ 
ing  concentration  and  stable  doping.  As  one  way 
to  achieve  this,  using  a  tilted  substrate  has  been 
proposed  [21].  Fig.  10  shows  the  dependence  of 
the  acceptor  concentration  on  the  tilt  angle  of 
GaAs  substrates.  To  supply  acceptors,  nitrogen 
was  doped  using  RF  plasma  cell  [22].  Then,  the 
concentration  was  measured  by  the  double  Schot- 
tky  C-V  method.  The  solid  circles  are  for  sub¬ 
strates  tilted  in  the  <111)A  direction,  and  the 
open  circles  are  for  <111)B.  Films  were  grown 
simultaneously  on  all  the  substrates  tilted  in  the 
same  direction.  The  data  for  the  nominal  (100) 
substrates  show  how  much  the  concentration  var¬ 
ied  from  run  to  run.  However,  the  important 
point  is  that,  regardless  of  the  direction  of  tilt, 
the  net  acceptor  concentration  on  tilted  sub¬ 
strates  is  twice  as  large  as  for  (100)  substrates. 
The  exception  to  this  is  (111)  substrates,  which 
had  a  high  resistivity. 

From  secondary  ion  mass  spectrometry  mea¬ 
surements.  a  higher  acceptor  concentration  on 
tilted  substrates  was  concluded,  due  to  better 
nitrogen  incorporation. 


TILT  ANGLE  (degree) 

Fig.  III.  Dependence  of  acceplor  concentration  on  lilt  angle  of 
substrate,  after  ref.  121).  The  solid  circles  are  for  substrates 
tilled  in  the  <  1 1 1  )A  direction  and  the  open  circles  arc  for 
(IIDB. 
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VOLTAGE  (V) 

Fig.  1 1.  Current-voltage  characteristics,  after  ref.  [21). 


The  effect  of  the  higher  acceptor  concentra¬ 
tion  on  laser  diode  characteristics  was  investi¬ 
gated.  The  LDs  fabricated  had  a  separate-con¬ 
finement  heterostructure  with  a  ZnCdSe/ZnSe 
MQW  active  layer  [23],  The  cavity  length  was  900 
pim  and  both  facets  had  a  reflectivity  of  90%.  Fig. 
1 1  shows  the  current-voltage  characteristics  un¬ 
der  pulsed  operation  at  room  temperature.  No¬ 
tice  that  the  turn-on  voltage  of  the  LD  on  the 
(71  DA  substrate  is  5  V'  lower  than  for  the  (100) 
substrate.  This  is  due  to  the  higher  acceptor 
concentration  of  the  p-ZnSe  cap  layer.  Typical 
characteristics  of  LDs  on  (71  DA  substrates  under 
pulsed  operation  are  shown  in  Fig.  12.  The  oper¬ 
ating  temperature  ranged  from  -68  to  25'’C.  The 
threshold  current  was  3.1  A  at  2.‘i°C.  and  the 
wavelength  was  501  nm. 

4.3.  Transport  del  ices 

So  far.  optical  devices  have  been  described.  In 
this  section,  the  potential  of  wide-gap  semicon¬ 
ductors  for  transport  devices  is  di.scusscd. 

4.3.1.  GaN  metal -.semiconductor  field -effect  tran¬ 
sistor 

A  metal-semiconductor  field-effect  transistor 
(MESFET)  fabricated  with  GaN  grown  on  a  sap¬ 
phire  substrate  is  shown  in  Fig.  13  [24].  The  large 
bandgap,  ability  to  form  heterojunctions,  and  in¬ 
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CURRENT  (A) 

Fig.  12.  Typical  characteristics  of  LDs  on  (711)  A  substrates, 
after  ref.  [21]. 


sulating  nature  of  AIN  make  AlGaN  an  ideal 
material  system  for  high-performance  MESFETs. 
Another  advantage  is  that  it  enables  high-temper¬ 
ature  operation,  since  these  materials  are  stable 
at  high  temperatures,  as  mentioned  in  section  3. 
The  insulator  was  AIN.  The  n-GaN  was  1  yam 
thick  and  had  a  carrier  concentration  of  1  X  10 
cm“\  The  ohmic  contacts  were  made  of  tita¬ 
nium.  As  a  basic  characteristic  of  a  transistor,  the 
dependence  of  the  current-voltage  characteris¬ 
tics  between  the  source  and  the  drain  (/j,  -  L'j,,) 


(b)CROSS-SECTIONAL  VIEW 
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Fig.  13.  GaN  MESFET  siruciure:  (a)  lop  view  and  (b)  cross- 
scctional  view,  after  ref,  |24j.. 
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on  the  bias  between  the  source  and  the  gate  (|/^) 
is  shown  in  Fig.  14.  At  a  gate  voltage  of  - 12  V, 
the  channel  was  completely  depleted,  and  at  a 
gate  bias  of  - 1  V,  the  transconductance  was 
estimated  to  be  23  mS /mm.  The  breakdown  field 
between  source  and  drain  was  10''’  V /cm. 

4.3.2.  Enhancement  of  electron  mobility  in  GaN  / 
GaAlN  heterostructure 

Just  as  for  a  GaAs/AlGaAs  heterojunction, 
the  electron  mobility  in  a  AlGaN/GaN  hetero¬ 
junction  is  also  enhanced.  Fig.  14  shows  the  de¬ 
pendence  of  the  mobility  on  temperature  for  an 
AlGaN/GaN  heterojunction  compared  with  that 
for  GaN  [25].  At  room  temperature,  the  value  for 
AlGaN /GaN  was  around  620  cm*/V  ■  s,  but  it 
was  only  56  for  the  bulk  GaN.  This  enhancement 
may  make  it  possible  to  fabricate  high-perfor¬ 
mance  electronic  devices  that  can  operate  at  high 
temperatures. 

4..13.  ZnSe/GoAs  HBT 

A  schematic  drawing  of  a  ZnSc/GaAs  het¬ 
erostructure  bipolar  transistor  (FIBT)  and  the 
common  base  characteristics  are  shown  in  Fig.  15 
[26],  The  use  of  a  wide-gap  emitter  increases  the 
design  flexibility  with  regard  to  the  base  and 
emitter  doping.  The  substrate,  collector  and  base 
were  GaAs,  and  n-type  ZnSe  was  used  for  the 
wide-gap  emitter.  From  Fig.  15b,  the  common 
base  characteristics  can  be  found  to  be  fine. 


Fig.  14.  F.nhancemenl  of  electron  mohilily  in  GaN/CraAIN 
heteroslructure.  after  ref.  (2.S1. 
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Fig.  I.S.  ZnSe/tiaAs  FIBT.  after  ref.  I’b]:  (a)  schematic  draw¬ 
ing  of  a  ZnSe/GaAs  HBT  and  (b)  common  base  characteris¬ 
tics. 


5.  Future  prospects 

One  goal  is  a  laser  diode  made  of  a  11-Vl 
wide-gap  semiconductor  with  stable  CW  opera¬ 
tion  at  room  temperature  Based  on  the  experi¬ 
ence  with  Ill-V  laser  diode  development,  there 
are  several  important  issues  that  need  to  be  re¬ 
solved.  It  is  necessary  to  lower  the  turn-on  volt¬ 
age,  develop  good  ohmic  contact,  and  analyze  the 
simulated  emission  mechanism.  To  obtain  a  long 
lifetime,  it  is  required  to  understand  the  disliK'a- 
tion  behavior  as  it  relates  to  dark  line  defects.  To 
avoid  catastrophic  optical  damage  at  the  facet, 
measurement  and  suppression  of  the  surface  re¬ 
combination  velocity  must  be  performed.  In  the 
InGaAlN  system,  one  of  the  most  important 
things  is  to  improve  the  crystal  quality,  and  the 
acceptor  concentration  also  has  to  be  increased. 
It  is  expected  that  a  good  substrate  for  lattice- 
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matched  growth  will  appear  for  both  types  of 
materials. 

Although  there  is  still  a  lot  of  work  to  be  done, 
the  prospects  look  bright.  In  the  not  too  distance 
future,  blue  and  green  lasers  made  with  II-VI 
semiconductors,  and  violet  and  ultraviolet  lasers 
made  with  InGaAIN,  should  enjoy  wide  use. 
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Abstract 

Photo-assisted  metalorganic  vapor-phase  epitaxy  was  proposed  as  a  promising  technique  for  acceptor  doping  in 
ZnSe-based  semiconductors.  The  growth  was  carried  out  using  diethylzinc  and  dimcthylsclenide  as  source  precur¬ 
sors.  and  tertiarybutylamine  as  a  dopant  material.  Photoluminescence,  electrical  properties  of  Schottky  diodes,  and 
electroluminescence  of  junction  diodes  supported  p-type  behavior  of  the  ZnSc :  N  layers.  As  an  example,  net 
acceptor  concentration  was  estimated  as  2  X  lO'’  cm  '  for  the  ZnSc ;  N  layer  with  nitrogen  atomic  concentration  of 
.7  X  li)''  cm  '.  However,  it  was  also  pointed  out  that  the  doping  characteristics  were  seriously  affected  by  puriiy  of 
source  precursors,  and  this  problem  should  be  overcome,  together  with  trptimi/.ation  of  doping  conditions,  in  order 
to  achieve  higher  acceptor  concentrations  without  heavy  compensation. 


1.  Introduction 

Metalorganic  vapor-pha.se  epitaxy  (MOVPE) 
possesses  a  promising  potential  such  as  the  possi¬ 
bility  of  selective  area  growth  and  precise  flow 
rate  control  of  source  precursors,  which  are  desir¬ 
able  for  fabrication  of  novel  and  high  perfor¬ 
mance  optoelectronic  devices  including  lasers. 
However,  for  11-Vl  semiconductors,  in  contrast 
to  molecular  beam  epitaxy  (MBE)  where  p-type 
doping  with  nitrogen  [1,2]  and  p-n  junction  lasers 
[,1]  have  successfully  been  achieved.  MOVPE  has 
not  met  technological  breakthrough  for  reliable 
and  low  resistive  p-type  doping  as  well  as  opto- 
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electronic  device  applications.  Worldwide  efforts 
and  interests  are  nc>w  focused  on  p-type  doping  in 
MOVPE. 

The  highest  hole  concentration  in  MOVPE 
was  reported  by  Yasuda  et  al.  [4]  as  9x  It)' 
cm  '  by  doping  with  lithium  and  nitrogen,  which 
led  to  p-n  junction  blue  electroluminescent 
diodes.  However,  problems  of  lithium  diffusion 
seem  to  remain  and  to  be  overcome  [.‘'j.  On  the 
other  hand,  simply  doping  with  nitrogen  using 
NH  ,  as  a  dopant  source,  previous  work  resulted 
in  hole  concentrations  of  only  l()''^-l(l'^  cm  '  for 
as-grown  layers  [6,7]  or  net  acceptor  concentra¬ 
tions  of  up  to  ?i  X  Hi"’  cm  '  for  rapid  thermal 
annealed  layers  [8], 

For  the  acceptor  doping,  as  well  as  for  fabrica¬ 
tion  of  well-defined  quantum  wells  (OWs),  we 
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expect  that  photo-assisted  MOVPH  using  alkyl- 
precursors  both  tor  group-II  and  group-VI  ele¬ 
ments  is  a  promising  technique,  because  it  simul¬ 
taneously  offers  low  temperature  growth,  little 
gas-phase  reaction,  and  possibility  of  effective 
impurity  doping.  In  this  paper,  the  state-of-the-art 
in  nitrogen  doping  using  photo-assisted  MOVPE 
is  described;  electroluminescence  (EL)  from 
ht)mo-  and  double-heterojunction  diodes  suggests 
the  high  potential  of  this  technique  for  acceptor 
doping. 

2.  Phutu-assLsted  MOVPE 

It  is  now  commonly  recognized  that  low  tem¬ 
perature  growth  is  one  of  the  most  important 
requirements  for  high  quality  II- VI  semicx)nduc- 
tor  epilayers.  well-defined  multilayered  structures 
with  abrupt  interfaces,  and  high  doping  concen¬ 
trations.  Using  hydrides  such  as  H  ,Se  as  group-VI 
precursors  in  MOVPE  together  with  dialkyl-com- 
pounds  of  group-II  elements,  the  growth  can  be 
carried  out  at  a  temperature  of  as  low  as  .100- 
35()°C  [0],  However,  this  source  combination  eas¬ 
ily  causes  premature  reaction  in  the  gas  phase 
and  results  in  predepiisition  on  the  chamber  wall 
as  well  as  rough  surface  mv)rphoh)gy,  leading  to 
wavA'  interfaces  [ Id]. 

The  problem  of  premature  reatoon  can  be 
minimized  by  using  dialkyl-chalcogcns  such  as 
dimethylselenide  (DMSe)  for  group-VI  sources 
[11],  Successful  growth  of  higiily  planar  epilayers 
compared  to  thv)se  grown  with  hydrides,  and 
phi)to-pumpcd  lasing  of  multiple  quantum  wells 
(MQWs)  were  demonstrated  [12].  However,  the 
high  growth  temperature,  e.g..  4.si|-5(K)"C,  is 
against  the  effective  doping,  high  quality  cpilay- 
erswith  low  defect  density,  and  abrupt  interfaces. 

In  order  to  overcome  the  high  temperature 
necessary  for  the  growth  using  alkyl-chalcogcns. 
wc  have  developed  photo-a.ssisted  growth  tech¬ 
niques  [1,1.14).  Different  from  the  photo-irradia¬ 
tion  effects  during  the  growth  of  lll-V  com¬ 
pounds  and  Si-related  semiconductors,  (i)  the 
growth  rate  is  markedly  increased  by  above  band 
gap  irradiation,  by  which  direct  absorption  by 
source  materials  cannot  be  expected  [ll-l.S],  and 


(ii)  the  irradiation  intensity  can  he  as  low  as  less 
than  lOO  mW/cm’  [11-16],  As  a  plausible  mech¬ 
anism  for  the  growth  with  irradiation,  we  pro¬ 
posed  photocaialytic  reactions  where  the  carriers 
generated  by  irradiation  enhance  the  alkyl  elimi¬ 
nation  trom  precursors  iprohably  alkyl-zinc 
[17.18])  chemisorbed  at  the  growth  surface  [14], 
Using  this  novel  technique,  low  temperature 
(3()()-4()l)°C)  growth  [13-16]  and  high  (di  'r) 
doping  efficiency  [14.16.19]  have  been  demon¬ 
strated. 

We  recognize  that  the  photo-irradiation  is  also 
effective  lor  acceptor  doping,  because  (i)  low 
growth  temperature  incorporates  more  acceptor 
impurities,  (ii)  reduction  of  compensating  defects 
and  activation  of  acceptor  impurities  under 
pholo-irradialii>n  are  iheoreiically  predicted 
[20,21],  and  (iii)  pliotocatalytic  reaction  can  en¬ 
hance  the  decomposition  of  a  dopant  precursor  if 
it  contains  alkyls.  From  these  points  of  view, 
photo-assisted  MOVPE  is  expected  to  be  a 
promising  technique  fo'  fabrication  ci  well-de¬ 
fined  OWs  and  for  conductivity  control. 

The  epitaxial  growth  was  carried  out  in  a  .erti- 
cal  reactor  at  a  reactor  pressure  of  200  Torr.  The 
source  precursors  for  ZnSe  growth  were  diethyl- 
zinc  (DEZn)  and  dimethylselenide  (DMSe). 
whose  How  rates  were  typically  9.4  and  72 
^mol/min.  respectively,  As  the  doping  source  for 
nitrogen,  we  chose  tertiarybutyl;  ine  (t-BNH  .). 
because  it  is  thermally  decompo.sed  at  lower  tem¬ 
perature  compared  to  NH  ,  and  tertiarybutyl-base 
may  be  decomposed  by  photocatalytic  reactions. 
\  recent  report  shows  a  net  acceptor  concentra¬ 
tion  of(l-2)X  I0"’cm  '  using  this  doping  source 
[22].  The  substrates  were  (lOO)-oriented  GaAs 
wafers.  X-ray  Oiffraction  ami  suitace  morphology 
were  not  dependent  on  the  tlow  rate  of  t-BNH, 
up  to  180  ^mol/min. 

3.  Photoluminescence 

.1  /.  I  (iriiilion  of  spcclrum  wiili  niiroi;cn  Jopint; 

A  typical  example  of  variation  of  photolumi¬ 
nescence  (PE)  spectrum  with  nitrogen  doping, 
measured  at  4.2  K  under  excitation  by  a  He-C'd 


.Vc.  Fttiiht  et  al.  / Journal  of  i  rysiul  (irtiwih  US  110^4)  7M-744 


lasei,  is  shown  in  Fig.  1.  FIcre,  the  growth  tem¬ 
perature  was  35()°C,  the  irradiation  intensity  was 
45  mW/cm’,  and  the  ZnSe  layer  thiekness  was 
about  1  n  m.  No  appreciable  deep  emissions  were 
observed  at  the  wa\’  length  region  longer  than 
that  shown  in  Fig.  1,  i.e.,  from  5(M)  to  7(K)  nm. 

Non-doped  ZnSe  exhibits  both  free  exeitonic 
emission  (E,)  and  donor-bound  exeitonic  emis¬ 
sion  (1,).  Intensity  ratio  between  these  two  peaks, 
i.e.  lyE^,  reflects  concentration  of  residual 
donor  impurities.  Judging  from  the  fact  that  the 
intensity  of  I,  is  lower  than  that  of  E,.  wc  may 
recognize  that  the  non-doped  ZnSe  possesses  high 
purity  suitable  for  acceptor  doping.  Detailed  dis¬ 
cussions  on  residual  impurities  and  their  effects 
on  doping  will  be  given  later.  It  should  also  be 
noted  that  the  layers  have  high  electrical  resis¬ 
tance. 

For  nitrogen-doped  ZnSe  grown  by  MBE,  it  is 
commonly  understood  that  (i)  for  lightly-doped 
layers,  the  PL  is  dominated  by  both  acceptor- 
bound  exeitonic  emission  (I^)  and  donor-accep- 
tor  pair  (DAP)  emission  with  zero  phonon  line 
(ZPL)  at  around  460  nm  (shallow  DAP),  and  (ii) 
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for  hettvily-diyped  layers,  it  is  totally  dominated  by 
DAP  with  ZPL  at  around  46.4  nm  (deep  DAP) 
[2.4.24]. 

According  to  these  criteria,  wc  can  see  in  Fig. 
1  for  nitrogen-doped  layers  that  (i)  for  [t-BNFl-l 
=  .40  or  60  ^rmol/min,  the  acceptor  concentra¬ 
tion  is  relatively  low.  because  of  the  clear  appear¬ 
ance  of  the  deep  DAP.  (ii)  a  ZPL  of  the  deep 
DAP  exists  at  4.50.4  nm  (2.600  cV)  for  [t-BNH  ,] 
=  .40  /imol/min  and  ;it  460.0  nm  (2.606  eV)  for 
[t-BNH -1  =  60  /rmol/min;  the  shift  of  a  ZPL  to 
longer  wavelength  with  increase  of  acceptor 
(nitrogen)  concentration  coincides  with  the  obser¬ 
vation  in  MBE-grown  ZnSe :  N  [2.4],  and  (iii)  for 
[t-BNHs]  =  0()  or  150  /amol/min,  the  DAP  re¬ 
gion  is  characterized  as  overlapping  of  deep  and 
shallow  DAP  bands.  These  results  support  the 
sufficient  incorporation  of  nitrogen  in  ZnSe  lay¬ 
ers.  at  a  flow  rate  of  t-BNH  .  as  high  as  00  or  150 
^imol/min. 

Fig.  2  shows  the  comparison  of  PL  spectra  for 
the  ZnSe  layers  grown  at  different  substrate  tem¬ 
peratures.  under  the  same  flow  rate  of  [t-BNH. ] 
^  .40  ^mol/min.  Clear  DAP  emission,  shown  at 
the  substrate  temperature  of  .450°C',  is  hardly 
observed  at  40()°C.  This  drastic  change  with  the 
substrate  temperature  suggests  that  low  tempera¬ 
ture  growth,  which  becomes  possible  by  ihofo- 
irradiation.  is  important  for  effective  ni.iogen 
doping,  probably  due  to  more  sticking  of  nitrogen 
at  lower  temperature. 
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Fig.  .4.  PL  intensity  rntio  l^  /F.^  against  irradiation  intensity 
tor  non-doped  ZnSe  grown  using  different  lots  of  DMSe. 


J.  Prohlems  of  precursor  purity 

A  few  years  ago.  non-doped  ZnSe  grftwn  by 
photo-assisted  MOVPE  exhibited  strong  donor- 
bound  e.\eitonic  emission  (I,)  in  PL  and  n-type 
conductivity  with  electron  concentration  of 
around  Kt"’  cm"'  [13.16],  especially  in  those 
grown  at  higher  irradiation  intensity  [16],  This 
phenomenftn  has  seriously  obstructed  the  effec¬ 
tive  acceptor  doping,  due  to  compen.sation  by  the 
donors.  The  origin  of  thc.se  donors  was  supposed 
to  be  residual  impurities  in  source  precursors, 
probably  chlorine  in  alkyl-zinc  [2.'7].  Then,  the 
purity  of  precursors  commercially  available  seems 
to  have  been  gradually  imprfwed,  and  recently 
the  layers  grown  without  intentional  doping  suc¬ 
cessfully  show  strong  free  excitonic  emissions  in 
PL  as  Lig.  1.  However,  we  will  show  later  that 


there  still  remain  purity  problems  which  seriously 
affect  the  impurity  doping;  further  efforts  should 
be  continued  and  this  may  be  the  key  factor  for 
MOVPE  to  compete  with  or  be  superior  to  MBE 
in  fabrication  of  practical  optoelectronic  devices. 

Fig.  3  demonstrates  the  intensity  ratio  of  to 
E.J  in  PL  of  non-doped  ZnSe  grown  with  a  differ¬ 
ent  lot  of  DMSe.  This  experiment  was  carried  out 
at  a  substrate  temperature  of  400°C.  Using  lot  C. 
1,  appears  strong  with  respect  to  E.^  and  its 
intensity  increases  with  the  irradiation  intensity. 
For  lot  B,  the  intensity  of  is  weaker  compared 
to  lot  C,  but  it  also  tends  to  increase  with  the 
irradiation  intensity.  On  the  other  hand,  for  lot 
A.  the  intensity  of  1.^  is  the  lowest  and  is  not 
changed  with  the  irradiation  intensity.  These  re¬ 
sults  suggest  that  the  purity  is  the  best  for  lot  A 
and  the  worst  for  lot  C  among  the  sources  u.sed 
here. 

When  we  grow  nitrogen-doped  ZnSe  epilayers 
with  either  lot  A  or  lot  B.  the  variation  of  PL 
spectra  for  different  irradiation  intensity  is  shown 
in  Fig.  4.  Here,  the  flow  rate  of  t-BNH  ,  was  90 
/4mol/min.  For  lot  B  (Fig.  4b).  the  higher  irradia¬ 
tion  intensity.  80  mW/cm’.  results  in  strong 
line  rather  than  DAP  emission.  Neverthless.  more 
incorporation  of  acceptors  for  higher  irradiation 
intensity  is  expected  for  lot  A  (Fig.  4a).  judging 
from  the  broader  shape  of  the  DAP  bands.  This 
drastic  difference  originates  from  the  different 
purity  of  source  precursors  (DMSe  in  this  experi¬ 
ment).  Precise  chemical  analysis  on  residual  im¬ 
purities  and  detailed  investigation  on  variation  of 
the  PL  spectra  with  growth  conditions,  which 
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have  not  been  eonducted  in  the  present  study, 
will  elucidate  the  origin  which  affect  the  cpilayer 
quality  and  the  effective  acceptor  doping.  Any¬ 
how.  it  can  be  concluded  that  the  doping  charac¬ 
teristics  of  the  present  epilayers  grown  by 
MOVPE  are  seriously  influenced  by  the  purity  of 
source  precursors,  and  that  the  future  improve¬ 
ments  of  doping  behavior  are  indebted  to  the 
purer  precursors  available. 


4.  Electrical  properties 

The  electrical  properties  of  ZnSe :  N  layers 
were  characterized  by  current-voltage  and  capac¬ 
itance-voltage  characteristics  of  Schottky  diodes 
grown  on  p"-GaAs  substrates  with  front-back 
contact  configuration.  The  thickness  of  the 
ZnSe  :  N  layers  was  1  /am.  and  the  Schottky  con¬ 
tacts  to  the  ZnSe ;  N  layers  were  fabricated  by 
evaporating  gold  (Au)  dots  with  1  mm  in  diame¬ 
ter. 

Variation  of  current-voltage  (i-V)  character¬ 
istics  with  flow  rate  of  t-BNH^  is  shown  in  Fig.  .S. 
Negative  voltage  applied  to  the  Au  electrode 
corresponds  to  the  forward  bias  if  the  ZnSe ;  N 
layer  behaves  as  p-type.  Resistance  and  turn-on 
voltage  in  negative  voltage  polarity  have  markedly 


[t-BNH2)= 


Voltage  (V) 

riji.  Current-voHuge  chariicterislics  of  Au/ZnSc:N/p  • 
(la As  Schottky  diodes  wmise  ZnSe:N  layers  were  grown  at 
different  (low  rates  of  l-HNM  . 


Voltage  (V) 


Fig.  f>.  1 /(capacitance )“ -voltage  characteristics  of  .\u 

ZnSe :  N/p  ■ -GaAs  Schottky  ditKles  whose  ZnSe  N  layers 
were  grown  al  diflerent  How  rates  of  i-BNH 

decreased  with  increasing  flow  rate  of  t-BNH.; 
the.se  phenomena  are  characterized  by  p-type 
conduction  of  ZnSe  :  N  layers.  It  should  be  noted 
that  the  turn-on  voltage  for  the  sample  grown 
with  [t-BNH;]  =  y()  or  150  /umol/min  seems  to 
be  too  small  (0.5-1  V)  compared  to  what  we  can 
expect  from  the  ideal  band  diagram  including  the 
potential  barriers  at  the  Au/p-ZnSe  and  p- 
ZnSe/p’-GaAs  junctions.  However,  this  phe¬ 
nomenon  seems  to  be  supported  by  the  recent 
experimental  result  which  suggests  a  lower  poten¬ 
tial  barrier  at  a  contact  to  a  p-type  layer  when  it 
is  grown  by  MOVPE  compared  to  MBE  [22]. 

Fig.  b  shows  the  I /(capacitance  )--voltage 
(l/G’-E)  characteristics.  The  measurement  fre¬ 
quency  is  1  MHz.  Decrease  of  the  l/C  ’  values 
and  of  the  slopes  of  the  l/C  ’-E  curves  with 
increasing  flow  rate  of  t-BNH.  suggests  higher 
impurity  concentrations.  Together  with  the  varia¬ 
tion  of  PL  spectra  shown  in  Eig.  1  and  of  the  1-1 
characteristics  shown  in  Fig.  5,  it  seems  reason¬ 
able  to  assume  an  increase  of  net  acceptor  con¬ 
centration  A/,  -  /Vj  for  higher  flow  rate  of  t- 
BNH.. 

It  should  be  noted  that,  in  the  present  front- 
back  contact  configuration,  the  measured  capaci¬ 
tance  C  is  expressed  by  the  series  connection  of 
depletion  layer  capacitance  at  the  Au/ZnSe:N 
Schottky  junction  (G^„)  and  that  at  the 
ZnSe :  N/p '-GaAs  heterojunction  (('hj^-  ^ 

=  *  sH  +  iij ^  '■  Therefore.  C  is  always 


74: 


.Sr.  Fitiitti  cl  til.  /Jmtntttl  of  (  rystal  Cirowth  I3S  ( IW4}  7M-  744 


smaller  than  C'^„.  However,  if  the  relation 
C,|j  beeomes  valid.  Qu  can  be  approximated  by 
C.  from  which  one  can  characterize  the  net  ac¬ 
ceptor  concentration. 

When  the  measurement  was  carried  out  at 
lower  frequency,  Cnj  increased  due  to  lateral 
spreading  of  the  depletion  layer  at  the  hetero- 
junetion.  and  the  measured  capacitance  increased 
and  approached  It  is  claimed,  therefore, 

that  accurate  values  of  net  acceptor  concentra¬ 
tion  can  be  obtained  at  relatively  low  measure¬ 
ment  frequency,  e.g.,  2-10  kHz  [26], 

Another  technique  to  increase  C,,,  compared 
to  is  to  measure  the  capacitance  at  larger 
(reverse)  bias  voltage.  At  positive  bias  applied  to 
the  All  electrode,  the  heterojunction  and  the 
Schottky  barrier  are  forward-  and  reverse-biased, 
respectively,  for  a  p-type  ZnSe  layer;  hence  with 
increasing  the  bias  voltage  sufficiently,  the  rela¬ 
tionship  C',,,  is  satisfied  and  C  ap¬ 
proaches  In  the  present  sample,  reliable 

capacitance  measurements  at  low  frequency  were 
difficult  due  to  relatively  large  leakage  current  in 
the  Schottky  diodes,  as  shown  in  Fig.  .“s.  There¬ 
fore.  using  the  1  MHz  l/C’-F  characteristics, 
the  net  acceptor  concentration  was  estimated 
from  their  slopes  at  relatively  large  bias  voltage, 
e.g..  4  V.  according  to  the  conventional  equation. 
This  consideration  can  minimize  the  errors  caused 
by  series  connection  of 

For  [t-BNH . I  = ‘to  /amol/min.  the  net  accep¬ 
tor  concentration  was  estimated  from  the  above 
procedure  to  be  2  X  lO'^  cm  '.  Secondary  ion 
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shimn  in  F'ig.  7a  logclhcr  iiilh  7'  K  PI.  spccira  trnm  ZnSc  .N 
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mass  spectrometry  (SIMS)  for  this  sample  had 
exhibited  nitrogen  concentration  of  .s  x  10'' 
cm  '.  which  is  in  reasonable  correlation  to  the 
net  acceptor  concentration  calculated. 

For  other  samples,  since  the  SIMS  data  are 
not  available,  it  seems  better  not  to  discuss  the 
net  acceptor  concentration,  due  to  remaining 
problems  in  electrical  measurements.  The  relia¬ 
bility  of  the  present  resuli  and  the  highest  net 
acceptor  concentration  will  be  discussed  in  the 
future  with  SIMS  data  and/or  reliable  low- 
frequency  C'-l'  characteristics. 


5.  Electruluminescence 
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In  order  to  investigate  the  performance  of  the 
ZnSe :  N  layers.  l;L  from  the  diode  structures 
shown  in  I-ig.  7  is  investigated.  Here,  the  ZnSe  :  N 
layer  was  grown  with  [t-BNH ,]  = ')()  /cmol/min 
and  the  electron  concentration  in  the  ZnSerGa 
layers  was  I  x  10'  cm  '. 

The  ZnSe  homo-junction  diode,  shown  in  Fig. 
7a.  exhibited  the  77  K  HL  spectrum  as  shown  in 
Fig.  8.  Here.  77  K  PL  spectra  of  ZnSe :  N  and 
ZnSe :  Cia  layers  are  shown  simultaneously.  The 
FL  peak  wavelength  (460  nm)  is  nearly  equal  to 
the  PL  peak  wavelength  from  the  ZnSe :  N  layer 
(probably  free-to-acceptor  emission)  rather  than 
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F  ig.  77  K  HL  spcciru  IrtHii  the  double  hctcro-junclioii  diode 
sho\sn  In  Fig.  7h. 


that  from  the  ZnSc:C}a  layer  (444  nm,  free-to- 
donor  emission).  This  result  is  well  attributed  to 
the  electron  injection  from  the  ZnSe:Ga  layer  to 
the  ZnSe  :  N  layer,  and  to  the  recombination  with 
holes  in  the  ZnSe  :  N  layer,  i.e..  the  ZnSe :  N  layer 
behaves  as  p-type. 

F(.)r  the  ZnCdSe/ZnSe  MQW  double  hetero¬ 
junction  diode  shown  in  Fig.  7b.  the  77  K  EL 
spectra  are  shown  in  Fig.  9.  The  emission  at  4% 
nm  is  attributed  to  the  QW,  and  it  increases 
remarkably  with  current.  Strong  blue-green  emis¬ 
sion  was  observed  by  the  naked  eye  under  normal 
room  lighting  conditions  at  an  applied  DC  volt¬ 
age  of  about  10  V. 

One  may  argue  the  possibility  that  the  EL  of  a 
homo-junction  diode,  shown  in  Fig.  7a.  originates 
from  the  Au/ZnSe:N  Schottky  contact  break¬ 


down.  However,  we  do  not  believe  this  because 
a  similar  peak  should  appear  in  Fig.  S  if  the 
Schottky  breakdown  were  the  dominant  reason 
for  EL.  Therefore,  the  EL  observed  in  this  study 
is  well  attributed  to  carrier  injection  at  p-n  junc¬ 
tions. 

One  of  the  MOW  diodes,  whose  OW  structure 
was  slightly  different  from  that  of  Fig.  7b,  showed 
very  low  (4  V  at  77  K  and  3  V  at  RT)  turn-on 
voltage,  as  shown  in  Fig.  Ida.  This  result  might  be 
because  this  sample  happens  to  possess  a  surface 
condition  different  from  other  samples,  but  we 
cannot  understand  the  reason  at  present.  Ex¬ 
tremely  strong  EL,  whose  spectra  are  shown  in 
Fig.  lOb.  was  observed  for  this  sample.  The  origin 
of  the  narrow  emission  line  at  H)  m.A  is  not 
understood  so  far.  because  of  the  short  lifetime, 
but  it  might  be  characterized  by  symptoms  of 
stimulated  emission.  If  this  tissumption  is  true, 
however,  considering  the  low  current  compared 
to  MBE-grown  lasers,  the  emission  occurs  from  a 
limited  area  under  the  stripe-shaped  electrode 
where  the  current  How  is  concentrated. 


6.  Summary 

Photo-assisted  MOVPE  is  found  to  be  a 
promising  technique  for  acceptor  doping  in  ZnSe. 
due  to  more  incorporation  of  nitrogen  at  low 
temperature  gnrwth.  highly  non-equilibrium  con¬ 
ditions  during  the  growth,  and  enhanced  decom¬ 
position  of  t-BNH,.  The  net  acceptor  concentra¬ 
tion  was  estimated  to  be  2  x  It)'  cm  '  for  the 
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sample  with  nitrogen  atomic  concentration  of  5  X 
10'^  cm  However,  the  DAP  band  in  PL  ap¬ 
peared  as  a  broad  peak,  in  contrast  to  MBE-grown 
epilayers  with  similar  nitrogen  concentration, 
where  a  ZPL  at  463  nm  is  followed  by  clearly 
separated  phonon  replicas.  This  suggests  more 
compensation  in  ZnSe  :  N  layers  grown  by 
MOVPE  compared  to  MBE.  For  achieving  higher 
concentration  of  acceptors  in  MOVPE  without 
heavy  compensation,  the  use  of  more  purified 
precursors  as  well  as  the  optimization  of  doping 
conditions  arc  necessary'  in  future  studies. 
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Helium  gas  mixing  in  nitrogen  plasma  for  the  control 
of  the  acceptor  concentration  in  p-ZnSe 
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Abstract 

Nitrogen  and  helium  mixed  gas  plasma  was  used  to  control  the  acceptor  concentration  iil  p-ZnSe  and  p-7.nSSe. 
L'sing  the  mixed  gas.  the  acceptor  concentration  of  p-Zn.Se  can  be  controlled  from  bx  III'"  to  7  x  III'  cm 
whereas  the  acceptor  concentration  of  p-ZnS,Se  can  be  controlled  from  4x  II)"’  to  4  x  111'"  cm  Doping 
characteristics  such  as  the  acceptor  concentration  and  the  PL  properties  depend  on  the  g;is  mixing  ratio  and  the  RI- 
power.  p-Layers  grown  with  this  technique  were  used  for  blue-green  laser  diode  structures.  Lasing  was  obserxed  at 
77  K  under  pulsed  operation. 


i.  Introduction 

Recently,  high  net  acceptor  eoneentration  p- 
ZnSe  layers  were  grttwn  using  plasma  excited 
nitrogen  with  an  RF  plasma  source  ll-.‘'].  At  the 
present  stage,  httwever.  the  maximum  dtrping 
eoneentrations  of  those  p-ZnSe:  N  layers  are  not 
high  enough  for  practical  device  applications;  for¬ 
mation  of  the  better  ohmic  contact,  reductirm  of 
'.  ic  c>..itact  resistance,  and  reduction  r>f  the  series 
resistance  of  the  device  can  be  aehieved  by  using 
higher  carrier  concentration  p-Zn.Se  layers.  The 
widely  used  RI-  plasma  cell  for  the  p-doping  of 
ZnSe  has  a  serittus  disadvantage  in  the  formatum 
of  the  plasma  and  the  control  of  the  beam  inten¬ 
sity.  rhe  formation  of  the  plasma  (generation  of 
the  plasma  excited  nitrogen  beam)  requires  cer- 
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tain  ranges  of  the  gas  pressure  and  the  RF'  power; 
dopant  beam  intensity  cannot  be  tuned  in  ;i  wide 
dynamic  range.  In  order  to  circumvent  this  prob¬ 
lem.  nitrogen  gas  was  mixed  with  helium  gas  in 
the  plasma  cell  so  that  the  plasma  could  be 
formed  in  the  eell  regardless  of  the  nitrogen  gas 
pressure  in  the  cell;  plasma-excited  nitrogen  gas 
intensity  would  be  controlled  in  a  much  wider 
range  by  mixing  the  nitrogen  gas  with  an  addi¬ 
tional  gas.  .Another  expeeted  advantage  of  the  gas 
mixing  is  that  the  nitrogen  plasma  charaeteristics 
could  be  changed  by  the  gas  mixing  and  effeetive 
nitrogen  species  for  the  doping  eould  be  in¬ 
creased.  The  He  gas  mixing  technique  was  also 
used  in  the  variety  of  film  growth  processes  such 
as  sputtering  and  plasma  CVD  in  order  to  in¬ 
crease  the  useful  species  in  the  plasma  and  to 
improve  the  growth  process  lh-8).  In  this  paper, 
the  gas  mixing  technique  was  also  applied  to  grow 
laser  diode  structures. 
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2.  Experiments 

ZnSe  and  ZnSSc  films  were  grown  on  p  *-GaAs 
(100)  substrates  in  a  conventional  MBE  system 
using  Zn,  Se.  and  ZnS  sources.  The  beam  flux 
intensity  ratio  was  adjusted  to  maintain  a  slightly 
(2x1)  Se-stabilized  surface  in  the  RHEED  pat¬ 
tern  during  the  growth.  The  growth  temperature 
was  about  24()°C  and  the  film  thickness  of  all  the 
samples  was  about  2  fxm.  The  mole  fraction  of  S 
in  the  ZnSSe  layer  was  adjusted  to  form  the 
lattice  matched  layer  on  the  GaAs  substrate 
(about  6G).  N,  and  He  were  introduced  into  the 
plasma  cell  .separately,  hence  the  flow  rate  of 
these  gases  could  be  controlled  independently. 
The  RE  power  used  for  this  experiment  was 
between  1.^0  and  .450  W.  In  this  study,  the  partial 
pressure  of  N  ,  ( /\  )  was  maintained  at  0.0  x  10 
Torr  and  the  partial  pressure  of  He  (/’n^.)  was 
varied  from  0  to  2.7  x  10  Torr.  The  electrical 
and  optical  properties  of  the  grown  films  were 
measured  by  C-V  and  PL  method,  respectively. 


4.  Results  and  discussion 

.1 1.  p-ZnSc  and  p-/.nSSc 

l  ig.  1  shows  ,V,  -  .\|  of  the  ZnSe  layers  as  a 
function  of  the  He  partial  pressure.  .V,  -  .V,,  of 


the  film  doped  only  with  nitrogen  gas  was  typi¬ 
cally  .4  X  10'’  cm  '  under  the  growth  conditions 
used  for  this  study;  .V,  -  was  about  1  X  10'’ 
cm  '  when  the  RF  power  was  450  W.  As  shown 
in  Fig.  la,  the  net  acceptor  concentration  was 
gradually  decreased  to  the  range  of  10’''  cm  '  by 
adding  the  He  gas  up  to  2.7  x  10  Torr  when 
the  RF  power  was  150  or  220  W.  On  the  other 
hand,  when  the  RF  power  was  about  .400  or  450 
W,  the  acceptor  concentration  was  increased  un¬ 
til  reached  about  1  x  10  Torr.  The  highest 
.V,  -  .y,  value  was  7  x  10'  cm  '.  and  further 
increase  of  the  resulted  in  a  decrease  of  the 
acceptor  concentration. 

Fig.  2  shows  low  temperature  PL  spectra  of 
samples  grown  using  (a)  only  N,  and  (b)  a  mix¬ 
ture  of  N.  and  He  with  an  RF  power  of  220  W. 
The  spectrum  obtained  from  the  sample  doped 
using  only  N,  was  dominated  by  rather  strong 
DAP  emissions  (at  2.bS2  eV).  On  the  other  hand, 
the  sample  doped  using  the  mixture  of  N.  and 
He  showed  a  strong  1,  line;  two  sets  of  DAP 
emissions  were  observed  at  2.W1  and  2.bSl  eV. 
respectively.  The  intensities  of  the  1,  emission 
and  the  DAP  emission  at  2.bd7  eV  incre;ised.  and 
the  DAP  emission  intensity  at  2. OKI  eV  de¬ 
creased  with  increasing  /y^..  The  same  tendency 
was  observed  from  the  sample  doped  using  an  RF 
power  of  150  W.  It  is  reasonable  to  assign  that 
the  nitrogen  concentration  in  the  Zn.Se  layer  was 
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ZnSSc  layers.  The  aeeeptor  eoneentration  ol  p- 
ZnSc  and  p-ZnSSe  was  eompared  and  summa¬ 
rized  in  Fig.  4  as  a  function  of  the  partial  pres¬ 
sure  of  He:  the  RF  power  used  for  the  experi¬ 
ments  was  300  and  350  W.  The  acceptor  concen¬ 
trations  of  the  p-ZnSSe  layers  have  a  slightly 
lower  value  compared  to  those  of  p-ZnSe  layers, 
yet  the  acceptor  concentrations  of  the  p-ZnSSe 
layers  could  be  similarly  tuned  by  the  gas  mixing 
technique. 

The  enhancement  and  reduction  of  the  accep¬ 
tor  concentration  as  well  as  the  variation  of  the 
PL  spectra  should  be  related  to  the  variety  and 
the  density  of  the  species  in  the  plasma.  In  ('rder 
to  study  the  origin  of  the  enhancement  and  re¬ 
duction  of  the  acceptor  concentration,  plasma 
discharge  emission  spectra  were  measured.  Pre¬ 
liminary'  observation  suggests  that  the  varieties  of 
the  species  in  the  plasma  were  not  significantly 
affected  by  the  He  gas  mixing  or  by  the  RF  power 
used  for  this  study,  even  though  the  densities  of 
the  species  were  slightly  affected  by  the  He  gas 
mixing  [9]. 


reduced  [4]  as  He  was  added  (when  the  Rl-  power 
was  150  or  220  W ).  By  contrast,  as  shown  in  Fig. 
3.  the  PL  spectra  showed  no  significtint  variation 
although  /^,|^,  was  increased  when  the  RF  power 
was  300  W  (or  350  W).  The  DAP  emission  and 
well-resolved  phonon  replicas  peaking  at  2.(r84 
eV  dominated  the  spectrum.  (1  he  origin  of  the 
slight  shift  to  the  lower  energy  side  with  increas¬ 
ing  P||^.  is  now  under  study.)  Compared  to  the 
PL  results  obtained  from  samples  doped  using 
RF  powers  of  150  and  220  W.  the  nitrogen  con¬ 
centration  in  the  ZnSe  layer  would  mn  be  af¬ 
fected  significantly  by  the  increase  of  when 
the  RF  power  was  300  or  350  W;  the  variation  of 
.y,  .y,  may  not  have  originated  mainly  from  the 

nitrogen  concentration  in  the  film.  Due  to  the 
relatively  small  variation  of  A',  /V,  (between  3  x 

lO'  and  7  x  lO'  cm  '  when  the  RF  power  was 
300W).  SIMS  measurement  did  not  show  a  clear 
indication  of  the  relationship  between  the  nitro¬ 
gen  eoneentration  and  A',  -  A,,. 

This  technique  was  also  useful  in  growing  p- 
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The  RF  p(»wer  was  W.  PI,  spectra  were  measured  using  a 
Me-Cd  laser  (.^2.^  nm.  abtiut  W  cm')  as  an  excitation 
source. 
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•Partial  pressure  He  nO  ""Torr' 


f-iji.  4.  Net  acceptor  concentration  ot  /.nSe  and  ZnSSe  as  a 
function  of  The  RF  p(mer  used  for  the  experiment  was 
31M1  and  450  W. 

3.2.  l.aser  diode  structures 

Bluc-grccn  laser  diode  structures  whose  p- 
layers  svere  doped  using  this  technique  were  fah- 
ricated.  f-ig.  5  shows  the  schematic  structure  of 
the  laser  diode.  Laser  devices  were  fabricated  by 
preparing  about  cSOO  /am  long  cleaved  resonator 
structures  with  a  Z.'s  /xm  wide  Au  stripe  electrode. 
Neither  facets  have  high-reflectivity  coating  lay¬ 
ers.  As  shown  in  Fig.  b.  the  lasing  emission  was 
observed  at  77  K  under  the  pulse  operation,  and 
the  lasing  wavelength  was  4<S2  nm.  The  threshold 
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Fig.  h.  EIcciroluminesccncc  from  the  sample  with  varit>us 
current  levels:  (a)  J  =  and  (b)  J  ==  0.77,^-  le)  The  spec- 

trum  w'as  taken  with  a  high  resolution  power  (O.I  A)  al  a 
current  level  of  J  ~  I  .V,,,. 


current  density  was  about  720  A/cm'  and  the 
driving  voltage  was  about  40  V.  As  shown  in  the 
inset  of  the  figure,  fine  structures  were  observed 
by  improving  the  resolution  power  of  the  scan. 


4.  Conclusions 

The  He  gas  mixing  is  a  useful  technique  to 
control  the  acceptor  concentration  in  the  nitro¬ 
gen  doped  p-ZnSe  and  p-ZnSSe  layers.  The  ac¬ 
ceptor  concentration  has  been  tuned  between 
6  X  10"’  and  7  X  10'  cm  '  for  ZnSe.  and  tuned 
between  4x  10''’  and  4x  10'  cm  '  for  ZnSSe. 
The  doping  characteristics  were  affected  by  the 
gas  mixture  ratio  and  the  RF  power.  The  p-layer 
gnrwn  using  this  technique  was  applied  for  the 
laser  diode  structure. 
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Abstract 

p-Typc  ZnSSc  films  were  grown  with  nitrogen  doping  in  almospherie-pressure  melalitiganie  sapor-phase  epitaxy 
at  the  growth  temperature  of  spifC.  ZnSe/ZnSSe  p-n  heterostrueture  diodes  thus  prepared  showed  better 
voltage-current  charaeteristies  than  those  reported  with  laser  diodes  prepared  with  moleeular-beam  epitaxy.  V\'iih 
imprtivemenl  of  the  growth  process,  blue  lumineseenee  was  observed  with  eurrenl  inieelion  of  2b  niA  and  the 
operating  voltage  of  2  V. 


1.  Introduction 

In  comparison  tt)  the  successful  p-type  dttping 
with  nitrogen  (N)  radical  doping  in  moiccular- 
hcam  epitaxy  (MBh)  (1.2],  it  has  been  dil'lieult  tt) 
have  reproducible  p-type  conductivities  in  nitro¬ 
gen-doped  ZnSe  grown  by  metalorganie  vapor- 
phase  epitaxy  (MOVPFi)  [3,4],  Recent  studies 
suggested  that  N  can  be  dttped  up  to  It)'"  cm  ' 
[5].  but  the  depth  profile  of  the  doped  N  was 
almost  completely  overlapped  by  the  prttfile  of 
hydrogen  (H)  [6],  These  results  suggested  the 
neutrali/ation  of  the  doped  N  acceptors  with 
N-H  bondings. 
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Zn.Se  films  are  usually  grown  in  the  tempera¬ 
ture  range  of  2.^(l-3.>l)"('  in  both  MBli  and 
MOVPE.  To  avoid  the  problem  of  the  N-H 
bondings  in  MOVPP.  epitaxial  growth  at  higher 
grt  .vth  temperature  to  dissociate  the  N-H  bond¬ 
ings  may  be  one  of  the  solutions  to  this  difficulty. 
I'ormerly,  a  problem  in  n-type  doping  at  higher 
growth  temperature  was  studied,  and  electron 
concentrations  greater  than  I  x  II)'''  cm  '  were 
observed  for  a  growth  temperature  above  .5(l(f  (' 
in  atmospheric-pressure  MOVPTi  [7]. 

In  this  paper,  p-type  ZnSc  was  grown  with  N 
doping  in  MOVPH  at  a  growth  temperature  above 
.^DIPC'.  ZnSe/ZnSSe  heterostrueture  p-n  diodes 
were  fabricated,  and  electrical  and  optical  prop¬ 
erties  were  studied.  With  improvement  of  the 
diode  properties  based  on  the  examination  of  the 
problems  found  through  the  studies,  blue  lumi¬ 
nescence  was  observeil  with  low-voltage  opera- 
tirins. 
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2.  N  duping  and  properties  of  p-n  diodes 

Growth  of  ZnSe  and  ZnSSe  was  performed  at 
a  temperature  of  36()°C  hy  atmospheric-pressure 
horizontal-type  MOVPE  on  (OOI)  GaAs  sub¬ 
strates.  The  precursors  and  the  respective  flow 
nites  were  0.45,  2.5,  and  2,4  ixmol/min  for  dieth- 
ylzinc  (DEZn),  diethylselenide  (DESe),  and  di- 
ethylsulfidc  (DE.S)  for  the  growth  of  ZnS„||.,Se,i<,|, 
The  tlow  rate  of  DE.S  depended  on  the  S  mole 
fraction  of  ZnSSe.  The  growth  rate  of  ZnSe  at 
5b()°C  was  '1  /zm/h.  In  the  present  growth 
system,  GaAs  substrates  were  heated  with  in¬ 
frared  lamps  and  the  unintentional  increase  of 
the  visible  light  irradiation  at  the  higher  growth 
temperature  enhanced  the  growth  rate  (<Sl.  Iodine 
was  doped  in  n-type  layers  by  supplying  ethylio- 
dide  (Etl), 

Details  of  the  N  doning  paiperties  will  be 
reported  elsewhere  [4),  but  the  main  points  will 
he  brielly  described  below.  Nitrogen  was  doped 
in  p-type  layers  by  supplying  tert-butylamine 
(tBA).  tBA  was  intiatduced  to  the  growing  surface 
through  a  quartz  tube  separate  from  that  for  the 
other  precursors  with  pure  N,  as  a  carrier  gas, 
tBA  w;is  thermally  cracked  with  a  furntice  during 
the  triinsport  into  the  quartz  reactor.  Thermid 
cracking  of  tBA  was  necessary  to  increase  the 
donor-acceptor  (DA)  pair  emission  that  is  the 
usually-accepted  indication  of  N  incorporatiitn. 
I  here  was  an  optimum  temperature  range  for  the 
cracking  of  tBA  and  the  increase  of  the  DA  pair 
emission  was  maximum  in  the  temperature  range 
of  7()()-,S(l() C. 

big.  1  shows  the  schematic  structure  of  a 
ZnSe/ZnSSe  heterostructure  diode.  The  active 
layer  consists  ol  a  multiple  quantum  well  (MOW) 
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with  five  10  nm  thick  ZnSe  wells  and  10  nm  thick 
ZnS|,i,„Se„„,  barriers.  The  lower  n-type  cladding 
layer  was  l.5(i  irm  thick  ZnS|,|,„Se,,„;  where  io¬ 
dine  was  doped  with  the  Etl  How  rate  of  1. 4 
pmol/min.  I  he  net  domir  cmieenlration  of  the 
doped  film  was  7  ,\  It)'  cm  ’.  The  upper  p-type 
cladding  layer  was  also  1.5(i  yu  m  thick 
ZnS|,|,„Se„„|.  where  N  was  doped  with  a  tB/' 
How  rate  of  1,40  /amol  min  and  with  a  cracking 
temperature  of  SOO  C'.  .A  100  yum  wide  .Au  stripe 
electrode  was  formed  on  the  p-Zn.S,ii,„Se,,„,  sur¬ 
face  and  the  sample  was  annealed  at  200  C’  for  40 
min  to  improve  the  ohmic  contact. 

l  ig.  2  shows  the  \oltage-current  (I-/I  and 
capacitance-Noltage  ((  -1  )  characteristics  mc.i- 
sured  on  the  heterostructure  diode  shown  in  big. 
I  at  room  temperature.  I'he  apparent  built-up 
voltage  seen  in  the  I  ’-/  characteristic  changes 
with  the  vertical  scale  for  the  current.  I'he  varia¬ 
tion  of  the  measured  diode  capacitance  with  the 
bias  shtrws  that  the  upper  cladding  layer  has 
p-type  conductivity  and  the  width  of  the  deple¬ 
tion  layer  at  the  p-n  junction  changes  with  the 
bias  voltage.  I'he  net  itcceptor  concentration. 
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Fig.  ?>.  Eslinialed  net  acceptor  concentration  in  N-doped 
ZnSSe  layer. 


-  A'l,.  was  estimated  from  the  measured  C-y 
characteristics  assuming  the  uniform  donor  con¬ 
centration  in  the  lower  n-cladding  layer,  and  the 
results  are  shown  in  Fig.  ?i.  The  open  and  closed 
circles  show  the  results  for  two  samples.  The  net 
acceptor  concentrations  estimated  near  the  p-n 
junction  using  a  donor  concentration  of  7x10’’ 
cm  '  in  the  n-cladding  layer  was  on  the  order  of 
10"'  cm  The  depletion  layer  under  this  condi¬ 
tion  expands  mainly  toward  the  p-type  layer.  The 
tendency  of  the  increase  of  the  net  acceptor 
concentration  with  the  expansion  of  the  depletion 
layer  will  he  discussed  in  the  next  section. 

The  V~l  characteristic  measured  at  room  tem¬ 
perature  with  a  pulsed  operation  to  cover  the 
higher  current  range  is  shown  in  Fig.  4  by  closed 
circles.  The  pulse  duration  of  the  current  was  .‘>0 
ns  and  the  repetition  was  1  kFlz.  The  open  circles 
are  the  reproduction  of  the  F-/  characteristic 
measured  on  the  blue-green  laser  diode  reported 
by  ."tM  [10].  The  drastic  improvement  of  the  V-l 
characteristic  in  the  present  diode  grown  by 
MOVPF  is  clear.  The  physical  origin  of  this  rela¬ 
tive  improvement  will  be  discussed  elsewhere  (1 1], 
but  this  comparison  shows  the  possibility  to  real¬ 
ize  low-voltagc  operations  for  blue  lasers  with 
MOVPF.  especially  toward  the  reliable  continu¬ 
ous-wave  laser  operations. 


3.  Improvement  of  diode  properties 

/.  Unintentional  incorporation  of  iodine  into  p- 
type  layers 

In  our  previous  work  on  a  heterostructure 
similar  to  that  shown  in  Fig.  1  where  the  upper 
cladding  layer  was  left  undoped,  diffusion  or  seg¬ 
regation  of  iodine  from  the  lower  n-type  cladding 
layer  into  the  upper-grown  layers  by  about  0.1 
pm  was  indicated  [12].  This  gives  the  possibility 
for  the  p-type  layer  near  the  p-n  junction  to  be 
compensated  by  the  incorporation  of  iodine  dur¬ 
ing  the  growth.  To  minimize  this  problem,  a 
modulation-doped  ZnSe{5  nmj/ZnS,,  |.^Se||s-  (5 
nm)  supcrlattice  structure  was  used  in  the  lower 
cladding  layer.  The  iodine  was  doped  only  in  the 
ZnSe  layers  to  a  concentration  of  7  x  It)'’  cm~  ' 
and  the  ZnS,,  i^Sen^:  layers  were  left  undoped, 
and  a  total  thickness  of  the  superlattice  of  about 
1..S  pm  was  grown.  The  other  growth  conditions 
for  the  active  and  p-cladding  layers  remained 
essentially  the  same. 

The  net  acceptor  concentrations  estimated 
from  the  C-V  measurements  are  shown  in  Fig.  .s 
with  the  squares.  The  open  and  closed  squares 
are  the  results  for  two  samples.  The  donor  con¬ 
centration  averaged  in  the  superlattice  was  used 
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Fig.  4.  Comparison  i>f  the  measured  C--  /  charaeleristie  with 
that  of  the  diode  laser  reported  from  .^M. 
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in  this  estimation.  The  circles  are  the  reproduc¬ 
tion  of  the  results  shown  in  Fig.  3.  Since  the 
donor  concentration  in  the  n-type  layer  near  the 
p-n  junction  may  not  be  uniform,  as  indicated  by 
the  above  di.scu.ssion,  the  estimated  values  for  the 
net  acceptor  concentration  may  have  some  uncer¬ 
tainty.  However,  the  decrease  of  the  depletion 
layer  width  near  zero  bias  up  to  0.1 -0.2  /am  was 
observed  in  the  present  structure  compared  to 
the  previous  structure  shown  by  the  circles.  Since 
depletion  layer  widths  generally  decrease  for 
higher  impurity  concentrations,  this  indicates  that 
the  effective  acceptor  concentration  in  the  p-type 
ZnSSe  layer  near  the  p-n  junction  was  increased 
in  the  present  structure  by  reducing  the  compen¬ 
sation  effect  with  the  iodine  incorporation. 

The  variation  of  the  net  acceptor  concentra¬ 
tions  .seen  in  both  types  of  diodes  shown  in  Fig.  5 
was  observed  in  the  series  of  measurements. 
There  is  a  possibility  from  the  above  discussion 
that  the  compensation  due  to  the  iodine  incorpo¬ 
ration  in  the  p-type  layer  near  the  p-n  junction 
resulted  in  the  spatial  distribution  of  the  esti¬ 
mated  net  acceptor  concentration. 

Fig.  6  shows  a  comparison  of  the  V-l  charac¬ 
teristics  measured  in  the  two  types  of  diodes.  The 
closed  circles  show  the  characteristic  measured 
on  the  present  structure  where  the  modulation- 
doped  superlattice  structure  was  used  for  the 
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Fig,  5.  (\)mpariM)n  of  nc!  acceptor  concentrations  estimated 
on  two  kinds  t>f  diodes  with  different  n*cladding  layers,  where 
iodine  (I)  was  doped  in  ZnSe  layers  in  the  ZnSe/ZnSSc 
superlattice  structure  (squares)  and  the  uniformly  doped 
ZnSSe  layer  (circles). 
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Fig.  S.  Comparison  of  1-/  characteristics  measured  on  two 
kinds  of  diodes  with  different  n-cladding  layers,  where  1  was 
doped  in  ZnSe  layers  in  the  ZnSe/ZnSSe  superlattice  struc¬ 
ture  (closed  circles)  and  the  uniformly-doped  ZnSSe  layer 
(open  circles). 


n-cladding  layer.  The  open  circles  are  the  ones 
measured  on  the  diode  with  the  uniformly-doped 
n-ZnSSe  cladding  layer.  The  low-voltage  opera¬ 
tion  was  clearly  observed  in  the  present  structure. 
Since  the  overall  current  flow  in  II -VI  diodes  is 
limited  by  the  tunneling  process  through  the 
Schottky  contact  on  the  surface  [11,13],  the  ob¬ 
served  improvement  with  the  modification  of  the 
n-cladding  layer  is  slightly  surprising.  However, 
this  may  indicate  that  the  incorporation  of  the 
iodine  in  the  upper-grown  layers  is  mainly  due  to 
the  .segregation  during  the  growth.  The  improve¬ 
ment  of  the  V~l  characteristic  shown  in  Fig.  6  is 
consistent  with  the  reduction  of  the  depletion 
layer  shown  in  Fig.  5,  considering  the  suppression 
of  the  iodine  segregation  by  the  modulation- 
doped  ZnSe/ZnSSe  superlatticc  in  place  of  the 
uniformly-doped  ZnSSe  for  the  n-cladding  layer. 

.?.2.  Purgina  lime  for  the  growth  of  p-type  layers 

In  the  present  work  of  p-type  doping,  thermal 
cracking  of  tBA  was  necessary.  Since  radical 
species  formed  with  the  thermal  cracking  will 
have  a  .short  lifetime,  the  distance  for  the  trans¬ 
port  should  be  as  small  as  possible.  No  valves 
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Fig.  7.  Luminescence  measured  with  current  injection  of  20 
mA  with  diode  voltage  of  2  V. 


those  of  laser  diodes  prepared  with  MBE.  A 
problem  found  in  this  work  was  the  segregation 
of  iodine  doped  in  the  lower  n-cladding  layer. 
This  was  reduced  by  introducing  the  modulation- 
doped  superlattice  structure  in  the  n-cladding 
layer,  and  blue  luminescence  was  observed  with 
the  current  injection  of  20  mA  and  with  the  low 
operating  voltage  of  2  V. 


5.  Acknowledgements 


were  used  in  the  transport  line  after  the  thermal 
cracking.  In  the  growth  of  the  diodes,  however, 
there  arises  a  problem  when  the  furnace  should 
be  heated.  Heating  the  furnace  during  the  growth 
of  the  lower  layers  may  change  the  growth  condi¬ 
tions.  In  the  early  stage,  a  purging  time  up  to  30 
min  was  inserted  between  the  growth  of  the  ac¬ 
tive  layer  and  the  p-typc  cladding  layer  to  .stabi¬ 
lize  the  temperature  of  the  furnace,  but  this 
seriously  deteriorated  the  lumine,scence  proper¬ 
ties  of  the  diodes.  Therefore  the  purging  time 
was  minimized  to  2-3  min  by  initiating  the  heat¬ 
ing  during  the  growth  of  the  active  layer. 

Fig.  7  shows  the  luminescence  observed  from  a 
cleaved  facet  of  the  diode  thus  prepared.  The 
cavity  length  of  the  diode  was  0.5  mm.  The  blue 
luminescence  was  observed  at  50  K.  The  blue 
luminescence  was  also  observed  at  room  temper¬ 
ature.  but  the  luminescence  intensity  was  reduced 
to  ~  I  /60.  It  is  noted  that  the  diode  operating 
voltage  was  only  2  V  for  the  current  injeetion  of 
20  mA,  or  40  A/cm’.  This  low-voltage  operation 
reflects  the  improvement  of  the  V-l  characteris¬ 
tics  discussed  above. 


4.  Conclusion 

p-Type  ZnSSe  films  were  grown  with  N  doping 
by  thermal  cracking  of  tBA  in  MOVPE  at  the 
higher  growth  temperature  of  560°C.  The  V-l 
characteristics  measured  on  the  ZnSc /ZnSSe  p-n 
diodes  showed  much  lower-voltage  operation  than 
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Metalorganic  vapor  phase  epitaxy  growth  of  p-type  ZnSSe 
and  its  application  for  blue-green  lasers 
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Abstract 


p-Typc  doping  of  ZnSSe  layers  lattice-matched  to  GaAs  substrates  are  investigated  by  metalorganic  vapor  phase 
epitaxy  (MOVPE)  growth,  where  dimcthyUinc,  dimcthylsclenide.  and  dicthylsulfide  (DES)  or  dimethylsulfide  IDMS) 
are  used  as  the  host  sources  and  dimethylaminolithium  as  the  acceptor  dopant.  Liw-iemperalure  photoluminescence 
and  capacitance  measurements  show  that  aeceptor  impurities,  nitrogen  and/o"^  lithium,  are  effectively  doped  in 
ZnSSe  layers  grown  by  using  DMS  as  the  sulfur  source,  while  they  arc  hardly  doped  in  the  layers  grown  by  using 
DES.  Stimulated  emission  in  the  blue  to  green  spectral  region  are  observed  at  77  K  from  MOVPE-grown  structures 
of  separate  confinement  heterostructure  single  quantum  well  (SCH-SQW).  ZnSSe/ ZnSe/ZnCdSe/ZnSe/ ZnSSe,' 
GaAs.  under  optical  excitation,  and  evidence  of  stimulated  emission  by  current  injection  in  a  pulsed  mode  was 
observed. 


1.  Introduction 

There  has  been  increasing  interest  in  ZnSc 
and  related  alloys  of  ZnCdSe,  ZnSSe  and  Zn- 
MgSSe  sinee  blue-green  lasers  based  on  these 
materials  grown  by  molecular  beam  epitaxy 
(MBE)  were  demonstrated  by  several  re.search 
groups  [1-4].  We  pay  attention  to  a  growth  tech¬ 
nique  of  metalorganic  vapor  phase  epitaxy 
(MOVPE)  for  fabricating  blue-green  lasers  for 
two  reasons.  One  is  that  MOVPE  is  more  suit¬ 
able  than  MBE  in  principle  for  growing  the  mate¬ 
rials  which  involve  volatile  elements  such  as  phos¬ 
phorus  and  sulfur.  The  other  is  that  MOVPE  has 
a  mass-production  capability.  A  significant 


*  Correspunding  iiulhor. 


progress  has  already  been  made  in  the  MOVPE 
growth  of  n-type  ZnSe  and  related  alloys,  and  a 
main  issue  remaining  yet  to  study  is  a  repro¬ 
ducible  MOVPE  growth  of  p-typc  layers.  We 
have  taken  an  approach  to  the  solution  of  this 
issue  by  growing  at  relatively  high  temperatures 
and  by  using  an  acceptor  dopant  which  may  not 
produce  hydrogen  upon  decomposition,  in  order 
to  overcome  a  problem  of  hydrogen  passivation 
of  acceptors.  We  have  already  reported  that  p- 
type  ZnSe  layers  with  a  carrier  concentration  of 
mid  lO"’  cm'’  can  be  grown  by  MOVPE  at 
470-6()0°C  using  dimethylaminolithium  (DMNLi) 
as  the  acceptor  dopant  [5]. 

In  this  paper  we  report  a  successful  MOVPE 
growth  of  the  p-typc  ZnSSe  layer  lattice  matched 
to  GaAs  which  is  an  important  component  of 
ZnSe-based  lasers,  using  the  dopant  of  DMNLi 


n(l22-()24K/V4/$(l7.(K)  '<  l‘X)4  Elsevier  Science  B.V.  All  rights  reserved 
.S.Sni  002 2 - 0 2 4 K(  V ,1 ) E: 0 5  S 7 -  N 


756 


K.  Yanashima  et  aL  /  Journal  of  Crystal  Orowih  lJHiI994)  755~75H 


as  was  previously  used  [5],  but  using  dimethylsul- 
fide  instead  of  diethylsulfide  as  an  appropriate 
sulfur  source.  We  also  demonstrate  the  fabrica¬ 
tion  of  separate  confinement  heterostructure  sin¬ 
gle  quantum  well  (SCH-SQW),  ZnSSe/ZnSe/ 
ZnCdSe/ZnSe/ZnSSe/GaAs,  based  on  the  p- 
type  control  of  ZnSSe  layers. 


2.  Growth  and  characterization  of  p-type  ZnSSe 

The  growth  was  carried  out  in  an  atmospheric 
pressure  MOVPE  .system  consisting  of  a  cold  wall 
horizontal  reactor.  Dimethylzinc  (DMZn), 
dimethylselenide  (DMSe),  and  diethylsulfide 
(DES)  or  dimethylsulfide  (DMS)  were  used  as 
source  materials.  The  flow  rates  of  DMZn  and 
DMSe  were  2.5  and  12  /imol/min,  respectively. 
The  sulfur  content  of  about  1%  in  ZnSSe  for 
lattice-matching  to  GaAs  was  controlled  by  a 
typical  flow  rate  of  about  15  /xmol/ftiin  for  DES 
or  about  50  Mm«l/ttiin  for  DMS.  GaAs  sub¬ 
strates  were  chemically  etched  for  1  min  in  a 
INH4OH :  1H;0, :  10H,O  solution  [6j,  followed 
by  surface  treatment  in  a  (NH4);S,  solution,  and 
then  they  were  immediately  loaded  to  the  reac¬ 
tor.  The  typical  growth  rate  at  a  growth  tempera¬ 
ture  of  470°C  was  about  0.8  Layer  thick¬ 

ness  was  typically  about  2  /xm. 

The  low-temperature  photoluminescence  spec¬ 
tra  for  the  layers  grown  using  DES  as  the  sulfur 
source  were  dominated  by  the  free  exciton  emis¬ 
sion  line,  located  at  2.83-2.84  eV  near  the  band 
edge  of  ZnSSe,  no  matter  whether  or  not  they 
were  doped  with  DMNLi.  This  indicates  that 
acceptors  were  not  effectively  introduced  in  lay¬ 
ers  probably  owing  to  a  prereaction  taking  place 
between  DES  and  DMNLi.  The  undoped  layer 
grown  using  DMS  as  a  sulfur  source  showed  a 
dominant  free  exciton  line,  labeled  FE,  as  shown 
in  fig.  la.  However,  the  doped  layers  grown  using 
DMS  as  a  sulfur  source  showed  acceptor-bound 
exciton  emission  lines,  labeled  A"X,  located  at  10 
meV  below  the  free  exciton  line  as  shown  in  Figs, 
lb  and  Ic,  indicating  that  nitrogen  and/or  lithium 
are  introduced  in  these  layers.  It  is  also  noted 
from  the  photoluminescence  spectra  that  the 
bound  exciton  line  shifts  slightly  toward  lower 


PHOTON  ENERGY  (eV) 

Fig.  1.  Photoluminescence  spectra  at  .t.t  K  for  (a)  an  undoped 
layer,  and  (b)  and  (c)  doped  ZnSSe  layers  grown  at  47irC' 
using  DMS  as  sulfur  source.  Doping  of  layers  (b)  and  (c)  were 
performed  at  hydrogen  flow  rates  of  2(K)  and  5IH)  SCCM. 
respectively,  passing  through  a  DMNLi  container  kept  at 


energies  with  increasing  doping  level.  The  behav¬ 
ior  could  be  ascribed  to  a  slight  decrease  of  sulfur 
content  in  ZnSSe  due  to  a  prereaction  between 
DMS  and  DMNLi  although  it  would  be  much 
weaker,  if  any.  than  between  DES  and  DMNLi. 
Capacitance  measurements  for  Schottky  barriers 
made  on  the  sample  of  Fig.  Ic  have  shown  a  hole 
concentration  of  mid  10  cm  ~  \ 


3.  Application  for  visible  lasers 

Before  applying  the  p-ZnSSe  layer  for  lasers, 
we  fabricated  undoped  SCH-SQW  samples  on 
GaAs  substrates  to  investigate  the  quality  of  all 
constituting  layers  in  ter. ns  of  crystallinity  and 
heterointerfaces.  A  1  in  thick  ZnSooySe,,^,  layer 
was  first  grown  on  the  (100)  GaAs  substrate, 
followed  by  a  200  nm  thick  ZnSe  layer.  10  nm 
thick  Zn,_^CdjSe  layer  (t  =  0.1-0.2),  200  nm 
thick  ZnSe  layer,  and  finally  a  I  ^m  thick 
ZnS„  „7Se,iy,  layer.  The  samples  used  for  photo¬ 
luminescence  measurements  had  a  600  /xm  long 
Fabry- Perot  cavity  consi.sted  of  two  parallel 
cleayed  surfaces. 
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Fig.  2.  The  relation  between  light  output  at  77  K  from  a  single 
facet  of  an  SCH-SQW  and  the  excitation  power  of  the  pulsed 
nm  light  from  a  Nd:YAG  laser.  The  Cd  content  in  the 
SOW  layer  was  17'"f . 


Fig.  3.  Phololuminescence  spectra  al  77  K  of  an  SC’M-SQW 
sample  excited  by  the  355  nm  pulsed  light  (width  of  20  ns  and 
repetition  rate  of  10  Hz)  from  a  Nd:  VACi  laser. 


With  excitation  at  77  K  by  the  .155  nm  third 
harmonic  pulsed  light  from  a  Nd;YAG  laser 
operating  at  10  Hz  with  a  pulse  width  of  20  ns, 
the  structures  showed  emission  in  the  blue-to- 
green  spectral  region  depending  on  the  Cd  con¬ 
tent  A-  of  the  Zn, .  ,Cd,Se  quantum  well  layers  in 
the  structure.  Fig.  2  shows  an  example  of  the 
relation  between  light  output  from  a  single  facet 
as  a  function  of  excitation  intensity.  Emission 
intensity  increases  superlinearly  with  excitation 
intensity  above  a  threshold  power  density  of  about 
IS  kW/cm'.  Fig.  .1  shows  emission  spectra  ob¬ 
served  under  different  excitation  levels  of  the 
same  sample  as  in  Fig.  2.  Above  a  threshold 
excitation  level,  a  spectral  narrowing  takes  place 
with  a  spectral  linewidth  of  about  0,7  nm  which 
may  be  limited  by  the  resolution  of  the  present 
measurement  system.  The  observed  luminescence 
behavior  can  be  attributed  to  the  stimulated  light 
emission,  indicating  that  the  SCH-SQW  structure 
can  be  successfully  fabricated  by  MOVPE. 

Ba.sed  on  the  undoped  SCH-SQW  structure 
for  optical  pumping  experiments,  we  have  tried 
fabricating  SCH-SQW  injection  la.scrs  with  .struc¬ 
ture  as  schematically  shown  in  Fig.  4.  The  struc¬ 
ture  consists  of  a  8(K)  nm  thick  n-ZnS„„7Sc„.„ 
layer  grown  on  the  n-type  (KKI)  GaAs  substrate 


(Si-doped.  m  =  1  x  U)''^  cm  ').  a  200  nm  thick 
n-ZnSe  layer,  a  10  nm  thick  undoped  Zn,  ,Cd,Se 
(a  =  0.1 -0.2)  single  quantum-well  layer,  a  200  nm 
thick  p-ZnSe  layer,  a  5(X)  nm  thick  p-ZnS,|,pSe||.,, 
layer,  and  a  12.5  nm  thick  p-ZnSe  contact  layer. 
The  p-  and  n-type  layers  of  the  structure  were 
grown  using  DMNLi  and  ethyliodide  (C.H,1)  as 
acceptor  and  donor  dopants,  respectively.  Carrier 
concentrations  in  these  p-  and  n-type  layers  were 
estimated  to  be  around  10'*’  cm  from  the  ca¬ 
pacitance  measurements  of  epitaxial  layers  sepa¬ 
rately  grown  under  the  same  growth  conditions. 


SiO: 

p-ZnSe;Li,N 
12.5  nm 


ZnCdSe  SOW 
10  nm 


Fig.  4.  Schematic  structure  an  SCH-SOW  light  emitter  The 
(  d  content  in  the  SOW  layer  was  about  I  l^'r. 
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Fig.  5.  Emission  spectra  at  77  K  from  an  SC'H-SOW  light 
emitter  under  different  pulsed  current  levels. 

For  making  ohmic  contacts,  Au/Zn/Au/Ti/Au 
and  AuGc/Au  were  evaporated  on  the  top  of  the 
p-ZnSe  layer  and  on  the  back  of  the  n-GaAs 
substrate,  respectively,  followed  by  annealing  at 
35Q°C  in  a  nitrogen  atmosphere  for  210  s.  The  15 
/um  wide  stripe  pattern  was  made  by  forming  a 
SiO,  layer  on  the  top  surface.  The  diode  wafer 
was  cleaved  into  bars  with  a  cavity  length  of 
about  600  /zm. 

Blue  to  green  light  emission  was  observed  from 
samples  at  77  K  depending  on  the  cadmium  con¬ 
tent  X  in  the  Zn|_,CdjSe  quantum  wells  under 
pulsed  current  injection  with  a  pulse  width  of  5 
/US  and  at  a  repetition  rate  of  2  kHz.  Photolumi¬ 
nescence  spectra  from  a  single  facet  of  an  SCH- 
SQW  sample  at  different  current  levels  are  shown 
in  Fig.  5.  We  can  clearly  see  evidence  of  spectral 
narrowing  under  a  voltage  of  8  V  and  at  a  current 
of  130  mA.  Unfortunately,  an  operation  above 
this  current  level  led  to  the  sample  degradation. 
The  threshold  voltage  of  8  V  is  surprisingly  low 
compared  with  the  reported  values  for  the  de¬ 
vices  of  similar  structure  grown  by  MBE.  This 
may  be  due  to  the  special  nature  of  MOVPE- 
grown  p-type  ZnSe  surfaces  and/or  an  effect  of 
the  electrode  material  used  in  this  study. 

Further  study  is  necessary  to  substantiate  the 
observed  behavior  and  to  move  forward  the  fabri¬ 


cation  of  blue  lasers  of  better  performance  by 
MOVPE.  The  important  issues  to  further  investi¬ 
gate  would  include  an  achievement  of  much 
higher  carrier  concentration  in  both  p-  and  n-type 
layers  used  in  the  structure  as  well  as  a  fabrica¬ 
tion  of  better  ohmic  contacts  on  p-layers. 


4.  Summary 

p-Type  ZnSSe  layers,  lattice-matched  to  GaAs 
substrates,  were  succe.ssfully  grown  at  470°C  by 
MOVPE  using  DMZn,  DMSe,  DMS  and  DMNLi. 
Undoped  SCH-SQW  structures  grown  by 
MOVPE  showed  stimulated  emission  of  blue  to 
green  light  at  77  K  under  optical  excitation  by  the 
Nd:  YAG  third  harmonic  pulsed  light.  The  SCH- 
SQW  injection  laser  structures  were  also  fabri¬ 
cated  by  MOVPE  based  on  the  results  of  p-type 
doping  of  ZnSSe  layers  lattice-matched  to  GaAs. 
Evidence  of  stimulated  emission  in  the  blue  spec¬ 
tral  region  was  observed  at  77  K  under  pulsed 
current  injection. 
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Abstract 

Phololumincsccncc  excitation  spectroscopy  of  the  lasing  transition  in  II-VI  laser  structures  allows  direct 
observation  of  the  absorption  edge  during  laser  operation.  We  have  investigated  a  set  of  Ztin^  ('d,i -Se/ZnSe 
multiple  quantum  well  structures  with  well  widths  ranging  from  .tO  to  120  A  and  the  photoluminescence  at  low 
excitation  levels  consistently  shows  the  n  =  1  heavy  hole  e.xciton  transition,  while  above  threshold  the  lasing  peak  is 
observed  to  be  red-shifted  with  a  /oca/iza(i<»n  energy  which  is  always  much  greater  than  the  Stokes  shift  due  to 
inhomogeneities.  F..xcitonic  absorption  features  can  be  observed  up  to  the  highest  excitation  energies  and  the 
localization  energy  for  all  well  widths  remains  around  .fO  meV  suggesting  that  the  optical  gain  above  lasing  threshold 
involves  exciton-l.O  phonon  emission. 


1.  Introduction 

An  important  objective  at  present  is  the  devel¬ 
opment  of  II-VI  laser  diodes  which  operate  in  a 
continuous  wave  mode  at  room  temperature  and 
understanding  the  lasing  mechanism  in  these 
lasers  is  essential  for  the  optimum  design  of  laser 
structures.  Current  11-VI  quantum  well  laser 
diode  devices  operate  at  room  temperature  in  a 
pulsed  mode  with  very  short  lifetimes  [IJ.  In 
111-V  semiconductors,  recombination  from  the 
electron-hole  plasma  is  the  dominant  lasing  pro¬ 
cess  and  so  only  band-to-band  transitions  arc 
generally  included  in  gain  spectra  calculations. 
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However,  in  a  compound  such  as  ZnSe.  the  Mott 
density  is  ~  6  x  10''*  cm  \  two  orders  of  magni¬ 
tude  larger  than  for  GaAs.  and  so  cxcitons  may 
play  an  important  role  in  the  lasing  mechanism. 
This  has  been  seen  in  other  bulk  11-Vl  materials 
[21. 

In  this  paper  wc  examine  the  recombination 
processes  in  undoped  ZnSe-(Zn.Cd)Se  multiple 
quantum  well  structures  by  optically  pumping  the 
lasing  transition  in  structures  with  different  well 
widths.  The  strongly  excitonic  character  of  the 
absorption  during  lasing  can  be  investigated  using 
photolumincscence  excitation  spectroscopy  (PLE) 
where  the  intensity  of  the  lasing  transition  is 
monitored  as  a  function  of  the  excitation  wave¬ 
length.  The  results  .show  that  even  above  the 
lasing  threshold  the  PLE  spectra  display  a  strong 
cxcitonic  character. 
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Historically,  exciton-related  lasing  mechanisms 
have  been  studied  for  bulk  II-Vl  crystals  at  low 
temperature.  Guillaume  et  al.  [3]  attributed  the 
optical  gain  in  CdS  excited  by  an  electron  beam 
at  U)  K  to  three  exciton-related  processes  namely 
(Da  low  gain  process  owing  to  the  annihilation  of 
a  free  exciton  with  the  emission  of  a  photon  and 
a  LO  phonon  (E^-LO  phonon  process),  (2)  a 
medium  gain  process  of  exciton-exciton  inelastic 
.scattering,  (3)  a  high  gain  process  involving  exci- 
ton-electron  scattering.  More  recently,  Newbury 
ct  al.  [4]  concluded  that  the  exciton -cxciton  in¬ 
elastic  collision  is  the  dominant  stimulated  emis¬ 
sion  process  at  6  K  in  an  optically  pumped  ZnSe 
epilaycr.  Exciton-related  lasing  proce.sses  have 
been  investigated  in  multiple  quantum  well 
(MOW)  structures  such  as  (Zn.Cd)Se-ZnSe  [5-9], 
ZnSe-Zn(S,Se)[l()],(Zn,Cd)Sc-Zn(S,Se)[ll]and 
(Zn,Cd)S-ZnS  [12]. 


2.  Experimental  procedure 

The  (Zn.Cd)Sc-ZnSe  MOW  layers  were  grown 
in  a  VG  Scmicon  molecular  beam  epitaxy  system 
using  conventional  Knud.sen  cell  sources  of  zinc, 
cadmium  and  selenium  on  semi-insulating  (Cr- 
doped)  ( 100)  GaAs  substrates  at  a  temperature  of 
280°C.  Details  of  growth  techniques  have  been 
published  previously  [13]. 

The  MOW  structures  consist  of  a  ZnSe  buffer 
layer  (1.0  /am),  15  cycles  of  Zn„xi|Cd|,j.„  Se  wells 
and  ZnSe  barriers  and  a  ZnSe  cap  layer  (0.20 
/am)  and  in  these  experiments,  a  series  of  samples 
with  different  well  widths  of  15,  30,  and  120  A, 
and  a  constant  barrier  width  of  80  A  were  investi¬ 
gated.  Given  an  exciton  Bohr  radius  (« „)  of  .35  A 
in  bulk  Zn||xi|Cd||,||Se,  these  well  widths  cover 
the  range  of  0.43a|,  to  3.4«„.  Thus  we  span  the 
transition  from  quasi-two-dimensional  to  bulk  ex- 
citonic  character. 

The  samples  were  cleaved  to  approximately 
500  /am  and  mounted  on  a  copper  cryostat  holder. 
An  Xe-C'l  cxcimcr  la.ser  (Lambda  Physik  LPX- 
KMO  pumped  tunable  dye  laser  (Lambda  Physik 
[•L2(M)I )  with  dyes  of  Coumarin  120  and  Coumarin 
47  was  used  for  the  photopumping  to  cover  the 
spectral  range  of  440  to  476  nm.  The  pufse  dura¬ 


PHOTON  ENERGY  (eV) 
2.75  2.70  2.65 


WAVELENGTH  (nm) 

Fig.  1.  Emission  spectra  taken  from  the  cleaved  edge  of  the 
MOW  sample  =  .^1)  A)  under  pulsed  photo  (2.7,1h.S  eV) 
excitation  of;  la)  II.IKA  kW/cm'.  (b)  h..^  kW/cm’  and  (c)  21). I) 
kW/cm’. 


tion  of  the  pump  laser  is  5  ns.  which  is  much 
longer  than  the  recombination  time  in  the  materi¬ 
als.  so  that  the  e.xcitation  was  quasi-CW.  The 
pump  intensity  was  controlled  using  neutral  den¬ 
sity  filters  and  was  focused  onto  ihe  sample  sur¬ 
face  using  a  cylindrical  lens.  I  he  pulsed  emission 
signal  with  a  repetition  rate  ol  15  Hz  from  the 
cleaved  edge  of  the  sample  was  focused  into  a 
Spex  0.6  m  single  grating  monochromator  using 
collection  optics  and  was  averaged  using  a  boxcar 
integrator. 


3.  Experimental  results 

Fig.  I,  curve  (a),  shows  the  pulsed  emission  at 
77  K  from  the  cleaved  edge  as  a  function  of  the 
excitation  power  obtained  'rom  a  ZnSe/ 
Zn|,xi,Cd||  ;,|Se  multiple  quantum  well  structure 
with  well  width  of  .30  A  pumped  at  2.7.365  eV.  At 
higher  excitation  intensities,  the  stimulated  emis¬ 
sion  is  observed  at  2.6818  eV  (curves  (b)  and  (c)) 
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whereas  the  Ex  Ihh  exciton  emission  is  at  2.7132 
eV.  Thus  there  is  a  large  red  shift.  Note  that  the 
emission  peak  of  the  heavy  hole  exciton  does  not 
shift  with  increasing  excitation  intensity  and  is 
still  observable  above  the  lasing  threshold.  Re¬ 
flectivity  and  CW  absorption  measurements  were 
used  to  determine  the  Stokes  shift  of  the  exciton 
emission  from  the  exciton  absorption  energy.  The 
intensity  of  the  lasing  transition  as  a  function  of 
excitation  wavelength  is  shown  in  Fig.  2  for  pump 
intensities  increasing  irom  (a)  to  (e),  as  indicated, 
where  the  data  in  (a)  correspond  to  the  threshold 
condition  (1.0/,^).  Both  the  light  hole.  Ex  llh.  and 
heavy  hole.  Ex  Ihh,  excitation  transitions  are  ob¬ 
served  and  the  spectrum  is  similar  to  the  low 
power  CW  absorption.  With  increasing  intensity 
the  exciton  peaks  become  less  distinct  and  there 
is  a  small  shift  to  higher  energy.  The  net  shift  is 
the  result  of  several  effects,  namely  the  exciton 


Fig.  .1.  Slokes  .shift  of  the  CW  PL  ( U  )  and  the  value  (•) 

as  a  function  of  well  width.  Data  obtained  Irom  a 
Zt'u.ssCd,, |5.Se-ZnS|||,sSeii,|,  MOW'  (/.„=.s|l  ,.\)  are  also 
shown  (  e, )  |K]. 


PHOTON  ENERGY  leV) 

:75  d,70  ^65 


Fig  2.  Lasing  peak  intensity  taken  from  the  MOW  (/,^^  =  .til 
A)  as  a  function  of  excilalitrn  wavelength  under  excitation 
intensity  of  (a)  I  (1/,^.  (h)  2..S/,^,  (c)  S.O/,^.  (d)  T.V/,,,  and  (e) 
1 12 /,f,  respectively.  In  this  case.  /,(,  is  the  threshold  intensity 
under  resonant  excitation  of  the  line. 


band  filling  (a  blue  shift),  a  reduction  of  the 
exciton  binding  energy  due  to  the  e.xciton-sell- 
screening  (a  blue-shift)  and  the  renormalization 
of  the  bandgap  (a  red-shift)  This  shift  we  desig¬ 
nate  the  localization  energy  at  threshold. 
and  is  defined  as  the  energy  difference  between 
the  Ex  Ihh  peak  in  the  PEE  and  the  lasing  line. 
For  the  30  A  sample.  is  27.  1  meV. 

Similar  results  have  been  obtained  for  ZnSe/ 
Zn|,xi,Cd|,  ,,|Sc  structures  with  1.“'  and  120  A 
quantum  well  widths.  Stimulated  emission  is  ob¬ 
served  at  2.741 1  cV  for  the  1,3  A  wells^and  2.(i02l 
eV  for  the  120  A  wells.  For  the  1.“'  A  wells,  the 
PEE  spectra  show  the  excitation  transitions  into 
the  light  and  heavy  hole  excitons.  as  well  as  into 
the  ZnSe  barrier/ cladding  layers.  The  red  shift. 

this  sample  is  31.4  meV.  For  the  120 
A  wells  the  Ex  Ihh  peak  at  2.fi336  eV  is  much 
broader  and  weaker  than  observed  in  the  other 
sample  and  disappears  if  the  excitation  intensity 
is  raised  above  1.5/,^.  The  Ex  llh  is  not  observed 
and  is  31. .3  meV. 

Fig.  3  summarizes  the  data  for  the  Stokes  shift 
and  the  red  shift  -1  for  the  three  samples 
reported  in  this  paper  together  with  data  from  a 
previous  .study  of  a  Zn^xsCd,,  |,Se/ZnS||||,sSe||,,. 
quantum  well  laser  structure  (well  width  of  3  nm) 

m. 
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4.  Discussion 

Th-'  values  of  these  samples  are  much 

larger  than  the  Stokes  shifts.  The  values  arc  close 
to  both  the  LO-phonon  energy  (£lo^  31  meV 

and  the  exciton  binding  energy  E^,  =  35  meV  and 
so  two  processes  may  be  responsible  for  the  las¬ 
ing.  One  is  the  LO-phonon  assisted  recombina¬ 
tion  of  excitons  and  the  other  is  the  exciton-cxci- 
ton  scattering  process. 

Parametric  lasing  processes  such  as  these  have 
been  previously  considered  in  bulk  U-Vl  materi¬ 
als  [2,13,14].  The  stimulated  emission  is  viewed  as 
a  scattering  event  in  the  polariton  picture  from 
the  exciton-like  branch  to  the  photons-like 
branch. 

The  exciton-exciton  scattering  procc.ss  in¬ 
volves  two  excitons,  e.g.  on  the  n  =  1  cxcilon-likc 
polariton  branch.  The  Coulomb  interaction  be¬ 
tween  them  may  scatter  one  onto  the  photon-like 
branch  and  the  other  onto  a  higher-lying, 
exciton-like  polariton  branch.  In  either  case 
should  be  proportional  to  E^,  and  should  follow 
the  well  width  dependence  of  ^  shows 

the  exciton  binding  energy  of  «  =  1  heavy  hole 
exciton  in  the  ZnSe-Zn,iH(|Cd„  ,,|Se-ZnSc 
quantum  well  as  a  function  of  calculated 
using  a  two-parameter  variational  approach.  In 


l  ig.  4.  ( iilculiilcd  binding  energy  <il  excitons  confined  in  a 
/.n|,„|,('d|,  .||Se  OW  as  a  function  of  well  width,  assuming  that 
the  in-plane  effective  mass  of  the  heavy-hole  in  Zn|,„„rd,|  ,|Se 
is  (;i)  1.46w„  and  (b)  ((..SOm,,. 


this  analysis,  the  conduction  and  heavy  hole  band 
discontinuities  ( are  assumed  to  be 
=  168  meV  and  J/-.\  hh  =  66  mcV.  respec¬ 
tively,  and  the  calculation  has  been  done  for  two 
different  in-plane  heavy  hole  masses:  la)  = 
1.46/n||  and  (b)  =  ().50W|,.  As  far  as  we  are 

aware,  there  are.  to  date,  no  comprehensive  mea¬ 
surements  of  the  valence  subband  dispersion  in 
these  materials.  However,  the  actual  in-plane 
mass  would  be  between  the  two.  For  example,  the 
£,,  value  at  Z-vv  =  *3  A  is  estimated  to  be  in  the 
range  between  37  and  45  meV.  which  is  substan¬ 
tially  larger  than  the  observed  value  (27.1 

meV).  More  significantly,  if  exciton-exciton  scat¬ 
tering  were  dominant,  the  value  of  should 

follow  the  strong  well  width  dependence  of  the 
binding  energy.  In  fact.  Fig.  3  shows  that  the 
between  27.1  and  31.5  meV.  and 
do  not  show  any  distinct  dependence  on  the  well 
width. 

Purely  from  an  energy  consideration,  the  re¬ 
sults  arc  consistent  with  the  lasing  mechanism  at 
threshold  being  LO-phonon  mediated  rather  than 
being  due  to  exciton-exciton  .scattering.  LO-pho- 
non  scattering  from  the  exciton-like  branch  to  the 
photon-like  branch  of  the  polariton  is  accompa¬ 
nied  by  the  emission  of  one  LO-phonon  with  the 
light  emission  occurring  one  LO-phonon  energy 
beneath  the  e.xciton  energy.  No  well  width  depen¬ 
dence  of  E\'l',^,  is  expected  with  this  mechanism 
and  the  laser  threshold  should  show  a  very  dis¬ 
tinct  behaviour  with  temperature  [14],  Below  ^  70 
K  the  threshold  for  lasing  should  remain  con¬ 
stant.  but  rise  exponentially  thereafter.  The  expo¬ 
nential  rise  is  due  to  the  emergence  of  a  popula¬ 
tion  of  thermally  excited  phonons,  which  con¬ 
tribute  to  a  phonon-assisted  absorption,  thus 
making  lasing  more  difficult  to  achieve.  To  con¬ 
firm  this  we  have  followed  the  lasing  threshold  as 
a  function  of  temperature  and  show  the  results  in 
Fig.  5.  Clearly  we  .see  the  expected  sharp  rise  in 
threshold  above  ^  70  K  indicative  of  the  exciton- 
LO  phonon  process. 

The  Stokes  shifts  are  in  the  range  between  3.0 
and  7.7  meV,  which  is  substantially  smaller  than 
the  E'^^,.  Therefore,  it  is  expected  that  the  ItKal- 
isation  of  excitons  by  alloy  disorder  and/or  the 
fluctuation  of  the  well  width  is  not  directly  re- 
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Fig.  Laser  inlensiiy  threshold  (kW  cm  -)  as  a  function  of 
temperature  for  the  30  A  sample. 

latcd  to  the  lasing  mechanism  in  the  series  of 
samples  investigated  here.  This  is  in  contrast  to 
recent  work  [6-8]  in  which  it  was  argued  that  the 
lasing  mechanism  arose  from  an  inhomoge- 
neously  broadened  facet  emission  which  was  very 
different  from  the  luminescence  of  the  Exlhh 
observed  noimal  to  the  laser  [16].  The  difference 
is  due  to  the  pre.sence  of  a  large  apparent  Stokes 
shift  in  their  samples  which  they  attributed  to 
re-absorption.  In  our  samples  the  facet  and  nor¬ 
mal  emissions  are  the  same  and  the  stimulated 
emission  does  not  emerge  from  the  peak  of  the 
facet  luminescence  but  at  some  ."fd  meV  lower 
energy.  We  have  also  repeated  our  measurements 
on  different  cavity  lengths  and  obtained  the  same 
values  and  so  reabsorption  effects  can  be 
neglected.  Thus  we  believe  the  LO-phonon  mech¬ 
anism  is  responsible  for  the  lasing  at  threshold  in 
our  samples. 


4.  Conclusions 

PLE  spectra  of  the  stimulated  emi.ssion  in  the 
ZnSe-Zn|,x(|Cd|,2i|Se  MOWs  with  a  scries  of  dif¬ 
ferent  well  widths  have  been  investigated  at  77  K 
with  the  .scries  of  different  well  widths.  It  has 
been  shown  that  the  value  is  substantially 

larger  than  the  Stokes  shift  of  the  CW  PL  and 
equal  to  the  LO-phonon  energy.  Furthermore  it 


is  independent  of  the  well  width.  Even  under 
lasing  conditions,  excitonic  peaks  are  clearly  seen 
in  the  PLE  spectra  confirming  the  importance  of 
excitonic  transitions  in  the  lasing  process.  We 
conclude  that  exciton-LO  phonon  scattering  is 
the  dominant  process  for  the  optical  gain  in  the 
range  from  /  =  /,(,  to  7/,,,. 
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Abstract 

ZnSo/ZnnsjCdii  i;;Sc  multi-quantum  well  (MQW)  diode  structures  with  different  well  thicknesses  (/-„)  in  the 
range  of  6-13  nm  were  fabricated,  and  device  characteristics  of  the  diodes  were  studied  in  terms  of  crvsialline 
quality  of  the  MQW  layers.  In  order  to  investigate  the  relationship  between  the  device  characteristics  and  the 
crystalline  quality  of  the  MOW  layers,  the  intensity  of  spontaneous  emission  from  MOW  diode  structures  was 
measured.  The  emission  intensity  increased  with  increasing  and  showed  a  maximum  value  at  =  Ut  nm. 
followed  by  rather  rapid  reduction  of  the  emission  intensity  at  >  It)  nm.  This  decrease  of  emission  intensity  is 
suggested  to  be  due  to  the  lattice  relaxation  caused  by  dislocation  formation  at  the  interface  taking  account  of 
critical  thickness  of  the  MOW  structure.  The  lasing  characteristics  of  ZnSe/ZnCdSe  MOW  blue-green  laser  diodes 
are  also  described. 


1.  Introduction 

Recently,  the  ZnSc/ZnCdSe  quantum  well 
structure  has  attracted  great  interest  in  the  area 
of  blue-green  laser  diodes.  1  he  first  laser  opera¬ 
tion  has  been  achieved  using  a  ZnSc/ZnCdSe 
single-quantum  well  (SQW)  separate  confine¬ 
ment  heterostrueture  (SCH)  laser  diode  [I].  Since 
then,  several  groups  have  reported  on  device 
characteristics  of  ZnSc/ZnCdSe  OW  structures. 
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not  only  using  ZnSSc  cladding  layers  [2],  but  also 
using  ZnMgSSe  cladding  layers  [3].  Thc.se  QW 
structures  have  strain  at  the  hetero-interface,  and 
the  relation  between  the  device  characteristics 
and  the  crystalline  quality  is  not  clear. 

In  this  paper,  we  will  describe  the  characteris¬ 
tics  of  ZnSe/ZnCdSe  OW  devices  in  terms  of 
crystalline  quality  of  the  OW  layers.  In  order  to 
investigate  the  relation  between  the  device  char¬ 
acteristics  and  the  crystalline  quality  of  the  OW 
layers,  the  intensity  of  spontaneous  emission  of 
several  devices  with  different  well  thickness  was 
measured.  Dependence  of  the  intensity  on  quan¬ 
tum  well  thickness  is  discussed  taking  account  the 
critical  thickness  of  ZnCdSe  well  layers  in  ZnSe 
barrier  layers. 


(M)2I!-n24S/‘M/$07.(K)  (  IW4  tdsevier  Science  H  V.  All  rights  re.served 
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The  lasing  characteristics  of  ZnSe/ZnCdSe 
MQW  laser  diodes  operated  at  77  K  (pulsed)  will 
also  be  described. 


2.  Experimental  procedure 

The  device  structure  shown  in  Fig.  1  was  grown 
by  molecular  beam  epitaxy  in  an  ULVAC  SLD- 
260  system.  Epitaxial  layers  were  grown  on  Si- 
doped  n-GaAs  (100)  substrates  at  a  growth  tem¬ 
perature  of  300°C.  Elemental  Zn,  Cd,  and  Se 
were  used  as  source  materials.  ZnCl,  and  N 
excited  by  RF  plasma  were  used  for  n-  and  p-type 
dopants,  respectively.  The  diode  structure  con¬ 
sists  of  an  n-ZnSe  :  N  cladding  layer  (n  =  5  X  10’’ 
cm“\  d  =  2.0  /Lim),  a  ZnSe/ZnCdSe  MQW  ac¬ 
tive  layer  and  a  p-ZnSe  :  N  cladding  layer  ( N.~  - 
jV*  =  5X  10'^  cm-\  d=  1.0  Mm).  The  MQW 
layer  was  composed  of  six  wells  of  Zn„x5Cd,|„Se. 
Well  thickness  (L^)  was  varied  from  6  to  13  nm 
and  barrier  thickness  was  fixed  at  10  nm.  To 
reduce  the  operation  voltage  of  the  devices,  an 
n*-ZnSe  :C1  buffer  layer  (n  =  1  x  lO"*  cm"  \  d  = 
0.1  Mm)  and  a  p*-ZnSe:N/p*-ZnTe:N  graded 
contacting  layer  [4]  were  adopted. 

Both  LEDs  and  gain-guided  LDs  were  fabri¬ 
cated.  500  X  500  Mm’  size  LED  chips  were  made 
by  evaporating  Au  electrode  (200  Mm  in  diame¬ 
ter,  15  nm  in  thickness)  on  top  of  the  diode 
.structure.  The  chips  were  mounted  on  the  stem 
(TO-18).  The  gain-guided  laser  was  fabricated  by 
making  20  Mm  wide  stripe  with  ALQ,  insulating 


p'''-ZnTe:N 
p+-ZnSe/ZnTe-SLS 
p+-ZnSe:N 

p-ZnSe:N  CLADDING  LAYER 
ZnSe/Zn  q  35  Cdg  ^  5  Se  MQW(6wells) 
ACTIVE  LAYER 

n-ZnSe;CI  CLADDING  LAYER 
n+-ZnSe:CI  BUFFER  LAYER 

n+-GaAs(  100)  SUBSTRATE 

Fig.  1.  Layer  structure  of  ZnSe/ZnCdSe  MOW  diode. 
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Fig.  2.  PL  spectrum  of  ZnSe/ZnCdSe  SQWs  at  77  K. 


layer.  Au-Cr  electrodes  were  evaporated  onto 
both  p-  and  n-side. 


3.  Results  and  discussion 

First,  to  confirm  the  interfacial  quality  of 
ZnSe/ZnCdSe  quantum  well  structure,  photolu¬ 
minescence  (PL)  spectra  of  single  quantum  wells 
(SQWs)  were  measured  at  77  K  using  He-Cd 
laser  (325  nm).  Fig.  2  shows  PL  spectrum  of  a 
multilayer  structure  which  consisted  of  four  sin¬ 
gle-quantum  well  layers  with  different  of  2.5, 
5.0,  7.5  and  10.0  nm,  separated  from  one  another 
by  20  nm  thick  barrier  layers.  Sharp  peaks  from 
all  wells  were  clearly  observed.  From  the  fact  that 
the  FWHMs  of  the  peaks  are  rather  large  [5]  and 
that  the  integrated  intensity  of  the  peak  from  the 
well  with  =  2.5  nm  is  smaller  than  those  of 
other  peaks,  it  is  implied  that  a  roughness  of  a 
few  monolayers  exists  at  the  ZnSe/ZnCdSe  het¬ 
ero-interface.  From  these  results  it  is  confirmed 
that  quantum  wells  with  L„  larger  than  5  nm 
were  successfully  fabricated. 

Fig.  3  shows  the  dependence  of  emission  in¬ 
tensity  of  the  diode  structure  on  well  thickness. 
The  emission  intensity  was  measured  from  the 
LED  devices  at  RT  under  (TW  operation  with 
injection  currents  of  5  and  10  mA.  The  emission 
intensity  increased  with  increasing  in  the 
range  of  =  6-10  nm.  This  increase  is  thought 
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Well  Thickness  (nm) 

Fig.  .7.  Dependence  of  emission  intensity  of  ZnSe/ZnCdSe 
MOW  LED  on  well  thickness  {L„). 

to  be  due  to  the  decrease  of  influence  of  interfa¬ 
cial  roughness.  The  emission  intensity  decreases 
with  an  increase  of  in  the  range  of  10-13  nm. 
This  decrease  of  the  emission  intensity  seems  to 
be  due  to  the  lattice  relaxation  caused  by  disloca¬ 
tion  formation.  In  order  to  confirm  this  hypothe¬ 
sis.  the  critical  thickness  of  ZnSe/ZnCdSe  was 
calculated.  The  calculation  was  based  on  the 
model  proposed  for  the  SiGe/Ge  system  [6,71. 
Fig.  4  shows  the  calculated  critical  thicknesses  of 
ZnCdSe  well  layers  in  the  relaxed  ZnSc  barrier 
layers  with  different  well  numbers  of  I,  3, 
and  6.  For  the  calculation  of  the  critical  thick- 
ne.ss,  the  Poisson  ratio  is  assumed  to  be  0.2  by 
fitting  the  calculated  value  for  a  ZnSe  layer  on 


Cd  Composition  X 

Fig.  4.  Calculated  critical  thickness  of  ZnCdSe  well  layer  in 
relaxed  ZnSe  barrier  layers.  (Thickness  of  ZnSe  barrier  layer 
is  1(1  nm.) 


Fig.  .S.  Optical  output  characteristics  of  ZnSe/ZnCd.Sc  MOW 
blue-green  laser  diode  at  77  K  (pulsed). 


GaAs  substrate  with  its  experimental  value.  As 
shown  in  Fig.  4.  the  critical  thickness  for 
ZnSe/Zn|,^^Cd„  |,Se  with  =  6  is  about  6  nm. 
Therefore  the  decrease  of  emission  intensity  in 
the  range  of  >  10  nm  in  Fig.  3  is  thought  to 
be  due  to  the  creation  of  a  nonradiativc  center 
caused  by  lattice  relaxation  through  formation  of 
dislocations. 

Based  on  these  results,  a  ZnSe/ZnCdSe  MOW 
blue-green  LD  was  fabricated  with  the  smallest 
well  thickness  (6  nm).  Fig.  5  shows  the  typical 
optical  output  characteristics  of  the  laser  diode 
operated  at  77  K  (pulsed).  Laser  operation  was 
successfully  obtained.  Lasing  wavelength  was  481 
nm  and  threshold  current  was  3(X)  mA  (threshold 
current  density  was  15(K)  A/cm"’).  The  relatively 
high  threshold  current  density  [8]  may  be  due  to 
small  optical  confinement  and  large  carrier  spread 
in  the  p*-ZnTc  ;  N  layer. 


4.  Summary 

ZnSe/ZnCdSe  quantum  well  structures  with 
different  well  thicknesses  of  6  to  13  nm  were 
fabricated.  The  intensity  of  spontaneous  emission 
of  the  diode  structures  was  measured  at  RT.  The 
emi.ssion  decreased  for  well  thickness  larger  than 
10  nm.  Comparing  this  result  with  the  calculated 
critical  thickness  of  the  system,  it  is  suggested 
that  the  decrease  of  emission  intensity  is  due  to 
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the  formation  of  a  nonradiative  center  caused  by 
lattice  relaxation  through  dislocation  formation. 

A  ZnSe/ZnCdSe  MQW  blue-green  LD  with 
well  thickness  of  6  nm  showed  laser  action  at  77 
K  with  lasing  wavelength  of  481  nm. 
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Abstract 

In  this  paper,  we  review  and  discuss  the  critical  problems  involved  in  the  research  and  development  of  InGaAlP 
visible  light  devices  along  with  some  of  our  achievements.  High  p-doping  of  a  cladding  layer,  and  a  mulli-quantum- 
barricr  structure  improved  the  temperature  characteristics  of  InGaAlP  laser  diodes.  These  techniques  have  made  it 
possible  to  realize  a  high  temperature  CW  operation  above  TO'C  at  the  wavelength  of  6.3.3  nm.  New  structure 
InGaAlP  light-emitting  diodes  (LEDs)  which  employ  an  off-angle  substrate  and  a  Bragg  reflector  have  improved 
both  quantum  efficiency  and  light  extraction  efficiency.  Candera-class.  high-brightness  LEDs  have  been  achieved  for 
operation  in  the  orange  to  green  color  region. 


1.  Introduction 

Quaternary  InGaAlP  alloys  have  been  exten¬ 
sively  investigated  for  optical  device  applications 
in  the  visible-light  region.  InGaAlP  alloys  can  be 
lattice-matched  to  GaAs,  and  provide  a  direct 
transition  type  band-gap  energy  from  red  to  green 
[1].  InGaAlP  visible-light  laser  diodes  oscillating 
in  the  0.6  /cm  wavelength  range  have  attracted 
much  interest  as  light  sources  for  optical  informa¬ 
tion  processing  systems,  such  as  high-density  opti¬ 
cal  disk  systems  and  bar-code  reader  systems. 
Room-temperature  continuous-wave  (CW)  opera¬ 
tion  of  InGaAlP  lasers  was  first  achieved  in  1985 
[2-4]  for  InGaP/lnGaAlP  double-hetero  (DH) 
structure  grown  by  metalorganic  chemical  vapor 
deposition  (MOCVD).  However,  the  wavelength 
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of  these  lasers  was  relatively  long  (670-690  nm). 
compared  with  Hc-Ne  gas  laser  (633  nm),  and 
the  maximum  operation  temperature  was  limited 
to  a  temperature  as  low  as  50°C.  The  develop¬ 
ment  of  shorter-wavelength  InGaAlP  laser  diodes, 
oscillating  below  670  nm.  has  been  continued  for 
the  use  in  high-density  optical  disk  applications 
and  the  realization  of  a  small-size  light  source  of 
relevant  emission  wavelength  for  the  substitution 
of  conventional  He-Ne  gas  lasers  [5-16],  These 
approaches  also  made  it  possible  to  realize  the 
high-power  operation  of  InGaAlP  laser  diodes 
[17-2,3]. 

InGaAlP  light-emitting  diodes  (LEDs)  arc  also 
attractive  because  of  their  numerous  potential 
applications,  such  as  outdoor  displays  and  auto¬ 
mobile  indicators.  In  LED  applications,  the  con¬ 
ventional  current-spreading  structure  consisting 
of  a  low-resistive  and  thick  transparent  layer  is 
indispensable  for  efficient  light  extraction,  since 
it  effectively  spreads  the  current  flow  [24],  Em¬ 
ployment  of  the  current  spreading  layer  of 
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GaAIAs  or  GaP  resulted  in  a  candela-class  high¬ 
brightness  operation  from  orange  to  yellow  [25- 
27];  however,  the  efficiency  of  green  LEDs  still 
remained  low. 

In  this  paper,  we  review  and  discuss  the  criti¬ 
cal  problems  involved  in  the  research  and  devel¬ 
opment  of  InGaAlP  visible  light  devices  along 
with  some  of  our  achievements.  First.  InGaAlP 
laser  diodes  are  described.  Discussions  will  be 
focused  on  the  improvement  of  temperature 
characteristics  towards  the  aim  of  the  production 
of  the  633  nm  laser  diode.  Next,  the  design  of 
InGaAlP  LEDs  grown  by  MOCVD  is  discussed, 
which  is  indispensable  for  realization  of  high-ef- 
ficiency  operation  in  the  green  region.  This  will 
be  focused  on  a  new  structure  which  is  well 
matched  to  the  MOCVD  growth  technique. 

These  results  and  discussions  are  considered 
to  be  useful  for  research  and  development  of 
ZnSe  blue-green  devices. 


2.  Experimental  procedure 

The  epitaxial  layers  used  in  this  study  were 
grown  by  low-pressure  MOCVD.  The  growth 
temperature  was  73()°C.  Trimethylindium  (TMI). 
trimethylgallium  (TMG),  trimethylaluminum 
(TMA),  AsH,  and  PH,  were  used  as  source 
materials.  The  doping  sources  were  dimethylzinc 
(DMZ)  and  SiH^  for  the  p-  and  n-type  layers, 
respectively.  The  GaAs  substrates  used  were 
(UXI),  and  cut  15°  off  the  (UK))  plane  toward  the 
[Oil]  direction  (off-angle  substrate).  Ridge  wave¬ 
guide  structure  was  employed  in  the  investigation 
of  laser  diodes  [28,29].  A  GaAIAs  current  spread¬ 
ing  layer  was  employed  for  the  LED  structure 
investigated  in  this  study. 


3.  InGaAlP  laser  diodes 

/.  What  limited  the  performance  of  InGaAlP 
laser  diodes? 

One  of  the  problems  in  realizing  a  short-wave- 
length  InGaAlP  laser  diodes  was  that  it  was  diffi¬ 
cult  to  obtain  high-temperature  operation.  The 
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maximum  operation  temperature  decreased  with 
decreasing  wavelength.  For  practical  use  of 
short-wavelength  InGaAlP  lasers,  improvement 
of  the  temperature  characteristics  is  indispens¬ 
able.  The  deterioration  of  the  temperature  char¬ 
acteristics  in  the  short-wavelength  region  is  con¬ 
sidered  to  originate  from  an  increase  in  the  elec¬ 
tron  overflow  caused  by  a  small  band-gap  energy 
difference  between  the  active  layer  and  the  p-type 
cladding  layer.  In  this  section,  we  describe  the 
effect  of  the  following  methods,  high  p-doping 
[7,8]  and  the  multi-quantum-barrier  (MOB)  struc¬ 
ture  [11-13],  on  the  reduction  of  the  electron 
overflow  in  InGaAlP  lasers. 

3.2.  Improvements  of  temperature  characteristics 

Fig.  1  shows  the  schematic  energy  band  dia¬ 
gram  of  an  InGaAlP  laser.  The  conduction  band 
discontinuity  in  the  heterojunction  is  relatively 
small  [30].  Even  when  high  A1  content  cladding 
layers  are  employed,  the  maximum  operation 
temperatures  are  limited  to  low  temperatures 
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Fig.  1.  Schematic  energy  band  diagram  of  an  InCiaAlP  laser. 


770 


K  Itaya  et  al.  /  Jmtrnal  of  Crysial  Growth  US  i 7hS-775 


Fig,  2.  Acceptor  concentration  dependence  of  the  maximum 
temperature  for  CW  operation  against  oscillation  wavelength. 


when  shortening  the  wavelength.  This  is  because 
the  electron  overflow  into  the  cladding  layer  from 
the  active  layer  increases,  and  also  because  the 
threshold  current  is  increased. 

When  the  p-cladding  layer  is  highly  doped,  the 
Fermi  level  in  the  valence  band  side  moves  to¬ 
wards  the  valence  band.  The  hetero-barrier  be¬ 
tween  the  aetive  layer  and  p-cladding  layer  in  the 
conduction  band  effectively  increa.ses  and  thus 
the  electron  overflow  is  reduced.  Fig.  2  shows  the 
acceptor  concentration  dependence  of  the  maxi¬ 
mum  temperature  for  CW  operation  against  oscil¬ 
lation  wavelength.  The  maximum  operation  tem¬ 
perature  was  drastically  improved  over  a  wide 
wavelength  range  by  high  p-doping.  By  using  the 
highly  doped  p-type  cladding  layer,  the  maximum 
operation  temperature  was  increa.sed  to  7()°C  for 
a  laser  with  an  oscillation  wavelength  of  6.‘i()  nm. 

Next,  the  use  of  the  quantum  effect,  MQB,  on 
the  improvement  of  the  temperature  characteris¬ 
tics  is  described.  Fig.  ?<  shows  a  .schematic  band 
structure  of  the  la.ser  with  an  MOB.  Intcrwcll 
interference  of  the  electron  levels  can  be  ob¬ 
tained  by  incorporating  a  .scries  of  the  wells  and 
barriers  in  the  p-cladding  layer  plj.  It  raises  the 
electron  conduction  level. 

Fig.  4  shows  the  temperature  dependence  of 
the  thrc.shold  current  of  InGaAlP  lasers  with  and 
without  an  MQB  (13].  The  wavelength  was  634 
nm.  Reduction  of  threshold  current  was  clearly 
confirmed.  Alsc),  the  characteristic  temperature. 
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Fig.  3.  Schematic  hand  structure  of  the  laser  with  an  MQB. 


Fig.  4.  Temperature  dependence  of  the  ihresh«>Id  current  of 
InOaAlP  lasers  with  and  without  MOB.  The  wavelength  was 
f»34  nm. 
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Fig.  .S.  Temperature  dependence  of  /  -  /.  characteristic  of 
InGaAlP  laser  with  MOB  structure. 
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Fig.  6.  Rclulion  between  reported  C'W  wavelength  and  maxi¬ 
mum  operation  temperature. 

7;,  was  increased  by  intnuiucing  ihc  MOB.  Fig.  .S 
shows  the  temperature  dependence  of  the  l-L 
characteristics  of  the  MQB  laser  [13],  The  CW 
threshold  current  was  49  mA.  Maximum  opera¬ 
tion  temperature  of  over  70°C  was  realized  at  the 
wavelength  of  634  nm. 

Fig.  6  shows  the  relation  between  reported 
CW  wavelength  and  maximum  operation  temper¬ 
ature.  High  p-doping  and  the  MQB  have  drasti- 
caly  improved  the  temperature  characteristics. 
These  improvements  in  the  maximum  operation 
temperature  have  made  it  possible  to  replace  the 
He-Ne  gas  laser  with  InGaAlP  laser  diodes.  Re¬ 
cently.  we  have  realized  over  1  x  lO"*  cm  ’  dop¬ 
ing  in  InAlP  using  Zn  as  the  dopant  [32],  Also, 
much  effort  has  been  expended  towards  the  re¬ 
search  on  strained  MOW  active  layers  of  In¬ 
GaAlP  lasers  (14-16).  Due  to  theses  techniques, 
further  improvements  of  maximum  operation 
temperature  of  InGaAlP  lasers  can  be  expected. 

3.3.  Reliability  of  InGaAlP  lasers 

We  have  found  several  degradation  modes  in 
the  reliablity  tests  of  InGaAlP  lasers  [20,2 1, .3.3,34). 


A  facet  degradation,  due  to  the  oxidation  of  a 
laser  facet,  occurred  in  the  InGaAlP  lasers  (33). 
Other  degradation  modes,  related  to  the  opera¬ 
tion  current  density  (34),  or  the  optical  density  in 
the  active  layer  (20),  were  also  confirmed  through 
numerous  results  of  reliability  tests.  Facet  coat¬ 
ings,  and  improvements  of  the  device  design  and 
MOeVD  growth  techniques  resulted  in  the  real¬ 
ization  of  a  highly  reliable  operation  of  InGaAlP 
lasers  (20.21,33,34).  A  stable  operation  was  con¬ 
firmed  for  the  lasers  oscillating  in  the  630  nm 
band  [13,16].  High  reliability  was  also  realized  in 
high-power  operation  of  InGaAlP  lasers  (20.21. 
23). 

3.4.  Comparison  with  ZnSe  blue-green  lasers 

The  threshold  current  density  of  the  first  CW 
operation  of  InGaAlP  lasers  was  several  times 
10 '  A  cm  ’.  It  was  reduced  to  1  X  10 '  A  cm "  ’  at 
the  first  production  of  the  InGaAlP  lasers  due  to 
the  optimization  of  the  DH  structure.  Further 
reduction  has  been  realized  by  an  employment  of 
the  strained  MOW  structure.  In  the  case  of  ZnSe 
blue-green  lasers,  a  relatively  low  threshold  cur¬ 
rent  density  as  1  x  lO'  A  cm  ■  was  already  real¬ 
ized.  which  shows  that  ZnSe  material  systems  are 
promising  as  semiconductor  laser  materials.  Re¬ 
sults  and  discussions  described  in  this  paper  are 
considered  to  be  useful  for  the  research  and 
development  of  ZnSe  blue-green  lasers. 


4.  InGaAlP  LEDs 

4.1.  What  limited  the  efficiency  of  InGaAlP  LEDs? 

The  employment  of  a  current  spreading  layer 
of  GaAlAs  or  GaP  resulted  in  candera-class  LEDs 
from  orange  to  yellow  (25-27).  However,  it  has 
been  difficult  to  obtain  high-efficiency  InGaAlP 
LEDs  in  the  green  region.  The  values  of  external 
quantum  efficiency  below  590  nm  were  lower 
than  the  values  estimated  from  theoretical  calcu¬ 
lation,  considering  band  structure  of  InGaAlP 
alloys  (26).  This  is  because  a  high  Al  composition 
in  the  InGaAlP  emission  layer  is  required  to 
shorten  the  emis.sion  wavelength,  and  this  in- 


772 


K.  haya  et  at.  /  Jtutmal  of  <  rvMitl  Growth  IMi(I994)  76H-775 


0  50  100 


Current  (mA) 

Fig.  7.  Dependence  of  l-l.  characleristics  of  InGaAlP  LEDs 
on  substrate  type. 

creases  the  generation  of  nonradiative  recombi¬ 
nation  centers  through  the  contamination  of  Al 
with  residual  oxygen  [26].  On  the  other  hand,  the 
GaAs  substrate  absorbs  a  large  part  of  emission 
light.  This  has  al.so  reduced  the  light  extraction 
efficiency. 

In  this  section  we  describe  the  approach  to  the 
realization  of  high  brightness  InGaAlP  green 
LEDs,  by  employment  of  the  MOCVD  growth  on 
the  off-angle  substrate  and  a  newly  designed 
Bragg  reflector. 

4.2.  Inipnn  ement  of  quanlum  efficiency  by  off-an- 
file  substrate 

Fig.  7  shows  the  dependence  of  l-L  character¬ 
istics  on  substrate  type.  The  efficiency  of  LEDs 
grown  on  off-angle  substrates  was  three  times 
larger  than  that  of  LED  grown  on  (l(K))  just 
substrates.  The  emission  wavelength  was  also 
.shortened  for  the  LED  grown  on  an  off-angle 
substrate  by  disordering.  Fig.  8  shows  the  depen¬ 
dence  of  the  DLTS  signals  in  undoped  InGaAlP 
layers  on  1 5°  off  and  just  substrates  [35].  A,  B, 
and  C  peaks  were  clearly  observed  in  the  layer 
grown  on  the  (KKI)  substrate.  On  the  other  hand, 
B  and  C  deep-level  peaks  were  drastically  re¬ 
duced  in  the  layer  grown  on  the  off-angle  sub¬ 
strate,  Fig.  9  shows  the  dependence  of  the  oxygen 
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Fiji.  S.  Dependence  of  Dl.T.S  signals  in  unduped  IntiaAlP 
layers  on  I.S'  off  and  (IIHI)  substrates. 

concentration  in  undoped  InGaAlP  layers  on 
substrate  type,  by  SIMS  measurement  [35],  The 
oxygen  was  clearly  detected  in  these  layers.  This 
is  because  InGaAlP  alloys  contain  Al  which  is 
very  reactive.  The  oxygen  concentration  was  re- 
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Fig.  9.  Dependence  of  oxygen  concentration  in  undoped  In 
GaAlP  layers  on  substrate  type,  measured  by  SIMS. 
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duced  by  the  employment  of  an  off-angle  sub¬ 
strate.  Comparing  to  the  previous  results,  as 
shown  in  Fig.  8,  it  seems  that  the  occurrence  of 
deep  levels  is  closely  related  to  the  incorporated 
oxygen.  It  is  considered  that  the  off-angle  sub¬ 
strate  reduces  the  oxygen  concentration  in  In- 
GaAlP  alloys;  thus,  non-radiative  recombination 
centers  related  to  B  and  C  deep  levels  are  also 
reduced,  which  improves  the  emi.ssion  efficiency. 

•/..?.  New  structure  for  InGoAlP  LED  with  multi¬ 
layers 

Fig.  10  shows  the  schematic  structure  for  a 
green  InGaAlP  LED  [,^6].  In  this  structure,  the 
current  injected  from  the  p-side  spreads  through 
the  current-spreading  layer  and  does  not  flow 
through  the  undesired  region  under  the  elec¬ 
trode.  because  of  a  blocking  layer.  This  structure 
also  employs  a  newly  designed  Bragg  reflector,  to 
reduce  absorption  by  the  GaAs  substrate  [.37]. 
The  use  of  a  Bragg  reflector  is  a  promising  way  to 
resolve  such  a  problem.  Wide-band  and  high  re¬ 
flectivity  characteristics  are  required  in  the  design 
for  the  Bragg  reflector.  To  realize  such  character¬ 
istics.  we  employed  a  new  type  of  reflector  con¬ 
sisting  of  stacked  layers  of  InAlP/GaAs. 

Fig.  1 1  shows  the  calculation  results  for  the 
dependence  of  the  reflectivity  on  the  number  of 
layer  pairs  [.37].  It  was  found  that  the  large  refrac¬ 
tive  index  difference  between  InAlP  and  GaAs 
can  be  utilized  to  construct  a  high-reflectivity 
structure  in  spite  of  the  absorption  loss  in  GaAs. 
High  reflectivity  was  obtained  for  a  relatively 
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Fig.  II.  Calculation  results  for  the  dependence  ttf  the  rellec- 
tivity  on  the  number  of  layer  pairs. 


small  number  of  pairs,  which  also  leads  to  a  wide 
band  spectrum.  Fig.  12  shows  the  spectra  for  the 
InAIP/GaAs  Bragg  reflector  and  the  InAlP/ln 
GaAIP  Bragg  reflector.  The  number  of  pairs  in 
each  Bragg  reflector  was  10  and  20.  respectively. 
The  band  width  of  the  reflection  spectrum  for  the 
InAlP/GaAs  Bragg  reflector  was  about  three 
times  larger  than  that  for  the  InAlP/InGaAlP 
Bragg  reflector.  A  reflectivity  of  709f  was  al.so 
measured,  which  is  sufficient  for  improving  LED 
efficiencies. 

Fig.  1.3  shows  the  external  quantum  efficiency 
for  InGaAlP  LEDs.  The  use  of  an  off-angle  sub¬ 
strate  provided  the  improvement  of  quantum  effi¬ 
ciency  and  shortened  the  wavelength.  Further 
improvement  was  obtained  by  using  the  new 
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Fig.  12.  C'omparison  of  reflective  spectra  for  the  InAlP/GaAs 
Bragg  reflector  and  the  InAIP/InGaAlP  Bragg  reflector. 
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Fig,  1,^.  External  quantum  efficiency  for  InCiaAlP  LriDs. 

Structure  with  blocking  layer  and  a  wide-hand 
Bragg  reflector.  A  candela-class  green  LED.  op¬ 
erating  at  512i  nm,  was  realized,  and  a  nearly  lO^y 
high  efficiency  LED  was  also  realized  for  orange 
light. 


5.  Summary 

Recent  progress  in  the  InGaAlP  visible  light 
devices  has  been  described.  The  high  p-doping  of 
a  cladding  layer  and  an  MQB  structure  have 
improved  the  temperature  characteristics  of  In 
GaAlP  laser  diodes  in  terms  of  the  reduction  of 
the  electron  overflow.  These  improvements  have 
made  it  possible  to  realize  a  high-temperature 
CW  operation  above  7()°C  at  a  wavelength  of  (ySTt 
nm. 

New-structure  InGaAlP  light-emitting  diodes 
(LEDs)  which  employ  an  off-angle  substrate  and 
Bragg  reflector  have  improved  both  quantum  effi¬ 
ciency  and  light-extraction  efficiency.  Candera- 
class,  high-brightness  LEDs  have  been  achieved 
for  the  orange  to  green  color  region. 

These  results  show  that  InGaAlP  visible  light 
devices  have  been  commercially  available  in  a 
variety  of  applications. 
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Abstract 

Three  generations  of  quantum  optoelectronic  devices  are  described.  Although  ^  field  of  many  successes,  the 
subject  is  still  progressing  at  an  undiminished  pace.  A  number  of  the  effects  si>  far  illustrated  in  lll-\'  materials 
could  be  implemented  with  ll-VI  materials. 


1.  Introduction 

Wc  are  witnessing  a  major  revolution  in  the 
performance  of  optical  a-id  optoelectronic  de¬ 
vices  [I].  based  on  the  ever-increasing  number  of 
new  device  concepts  allowed  '  y  the  more  and 
more  refined  implementations  of  heterostructure 
materials  (Table  1).  After  a  "'zeroth"  generation 
using  heterostructures  in  absence  of  quantum  ef¬ 
fects  which  gave  the  room-temperature  double¬ 
heterostructure  (DH)  laser,  a  first  t’eneraiion  of 
quantum  heterostructures  occurred  in  the  late 
seventies  when  the  new  growth  methods  of 
molecular  beam  epitaxy  (MBE)  and  metalorganic 
chemical  vapor  deposition  (MOCVD)  allowed  de¬ 
positing  ultrathin  semiconductor  layers  with  pre¬ 
cision  down  to  the  atomic  layer.  In  such  a  case, 
the  carrier  motion  is  quantized  in  one  direction 
across  the  layer,  and  carriers  experience  a  two-di¬ 
mensional  motion  along  the  layer,  one  degree  of 
freedom  being  "frozen”.  The  "first-order"  effects 
associated  with  such  two-dimensional  structures 
give  their  performance  to  some  very  impffrtani 
devices  as  the  quantum  well  laser. 

The  second  generation  of  quantum  het- 
erostructurcs  started  in  the  early  eighties  and  is 


based  on  "subtler"  effects  of  layered  materials, 
such  as  increased  light-matter  interaction,  im¬ 
proved  electro-  and  non-linear-optical  effects, 
bandgap  engineering,  strain  effects,  etc.  The  de¬ 
vices  relying  on  these  effects  arc  clectro-optical 
and  non-linear  optical  modulators.  IR  detectors, 
etc. 

The  third  generation  of  quantum  heterostruc¬ 
tures,  started  in  the  late  eighties,  aims  at  exploit¬ 
ing  completely  new  (and  better'.’)  pioperties  of 
heterostructure  materials  when  material  structur¬ 
ing  at  the  nanometer  lerel  occurs  in  two  or  three 
directions.  They  stem  from  the  realization  that 
the  usual  broad  optical  features  in  solids  ari.se 
from  the  existence  of  a  continuum  of  states  for 
both  electrons  and  photons,  which  allow  transi¬ 
tions  for  all  energies  and  polarizations.  Electron 
state  quantization  can  be  one  way  to  reduce  the 
continuum  of  transitions  to  discrete  ones,  in  an 
increasing  way  when  quantizing  motion  in  I  di¬ 
rection  (quantum  wells  OWs),  2  directions 
(quantum  well  wires  OWWs)  and  directions 
(quantum  boxes  OBs).  Photon  mode  quantization 
in  an  optical  cavity  is  another  one.  which  seems 
much  more  promising  due  to  the  additional  ad¬ 
vantages  brought  along  by  the  light  emission  into 
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The  varii)us  concepts  implemented  llinnigh  helw.o-siruelures,  yielding  improved  pertornianee 
Physical  effect  Properly  impacted 


Energy  band  discontinuities 
Index  ot  refraction  difference 
Diminished  density  of  stales 

Square  densily-of-states  in  2D  QW 
Excilons  at  room  temperature 
Giant  matrix  element 
Ouanluni-confined  Stark  effect 
Phase-space  filling 
Sharp  density  of  states  <  1 D.  (ID) 

Photon  mode  control 

[jihanced  resonant  cavity  field  intensity 


Carrier  localixalion  and  camcentration 
Optical  wave  concentrated 
Reduced  iranspareoey  current 
lowei  non-linear  threshold 
Larger  differential  gain 
Stronger  light-matter  counling 
Stronger  light-matter  coupling 
Stronger  clcclro-oplical  coefficient 
Stronger  electro-optical  coefficient 
Improved,  sharper  gain  eurxe 
(  onlrolled  spontaneous  emissiim 
inlt>  single  optical  mixle 
Coherent  light-matter  coupling 


one  or  several  optical  modes  only,  and  by  the 
inereased  light-matter  coupling  due  to  the  elec- 
trie-field  enhancement  occurring  in  resonant  cavi¬ 
ties.  Effects  similar  to  those  obtained  from  opti¬ 
cal  microcavities  are  also  accessible  by  the  use  of 
photonic  hand  gap  (l’B(i)  materials. 


2.  The  first  generation  device:  the  quantum  well 
laser 

The  'obvioiis"  property  of  an  ultrathin  semi¬ 
conductor  layer  is  the  size  quantization  of  elec¬ 
tron  motion  occurring  in  one  direction.  'Ihere- 
fore.  one  degree  of  freedom  is  frozen  when  com¬ 
pared  to  the  three-dimensional  nature  of  electron 
motion  in  classical  DH  lasers.  How  does  this 
translate  into  better  lasing  prrrperties?  Let  us  lirst 
recall  that  the  gain  versus  current  curve  has  two 
components:  a  number  of  carriers  is  required  to 
reach  carrier  inversion.  This  number  is  called  the 
transparency  carrier  density  and  it  defines  the 
transparency  current;  below  transparency,  an  op¬ 
tical  wave  is  absorbed  rather  than  amplified. 
Above  it.  additional  carriers  of  the  second  com¬ 
ponent  create  optical  gain.  The  net  gain  per 
carrier  for  that  current  component  above  the 
transparency  current  only  depends  on  the  optical 
transition  strength,  proportional  to  the  optical 
matrix  element,  and  can  be  shown  to  be  indepen¬ 
dent  of  layer  size  and  even  of  carrier  quantization 
in  I.  2  or  .t  directions  (QWs.  OWWs  and  QBs, 


respectively).  Therefore,  in  first  approximation, 
diminishing  layer  thickness  mainly  diminishes  the 
transparency  density  which  is  proportional  to  the 
number  of  states  and  therefore  varies  linearly 
with  L  reaching  the  quantum  well  limit  (QW'D 
when  only  one  transverse  electron  state  exists 
within  the  well  (f-ig,  I). 

The  QWL  is  actually  belter  than  just  that:  the 
two-dimensional  nature  of  electron  motion 
changes  the  spectral  shape  of  the  density  of  states, 
and  hence  of  the  optical  gain.  We  mentioned 
earlier  that  each  inverted  e-h  pair  yields  the 
same  gain  independent  of  dimensionality.  How¬ 
ever.  depending  on  dimensionality,  the  gain  is 
more  and  more  spectrally  concentrated  (Fig.  I) 
(and  even  more  ,so  as  it  decreases  toward  Of.),  see 
below).  Therefore,  carriers  are  more  "effieieni" 
in  QWs  as  only  the  maximum  gain  value  is  deter¬ 
mining  laser  threshold.  This  leads  to  the  strong 
curvature  of  the  QW  laser  gain  curve  (Fig.  I. 
bottom  right),  which  translates  into  high  differen¬ 
tial  gain,  leading  to  many  improved  features  such 
as  higher-frequency  operation,  narrower  line- 
width,  lower  frequency  chirping  [I]. 

The  very  thin  QW  active  layer,  however,  has 
an  adverse  effect  on  the  waveguiding  of  the  opti¬ 
cal  mode:  the  optical  confinement  factor  r  de¬ 
scribing  the  overlap  of  the  lasci  mode  with  the 
active  layer  decreases  as  /.  '  when  the  active 
layer  thickness  is  below  KIOO  A.  Therefore,  sev¬ 
eral  schemes  have  been  implemented  by  to  retain 
acceptable  values  htr  /'.  either  h\  the  use  of 
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Fig.  I.  Si'hcniiilic  dr^iwing  of  the  gain  formation  in  .71)  bulk  DU  aelivc  malerial  (topi  ami  in  a  21)  UW  material  (boiiom).  Due  to  ilie 
stmiller  density  ot  stales  in  2D  the  Iranspareney  eurrent  /„  is  iliminished.  Due  to  the  square  ilensiis  of  states,  a  gi\en  number  ot 
mjeeted  carriers  is  more  effieient  to  create  gain  in  the  2D  0\k'  leenter),  which  translates  into  ,i  steeper  gain-current  curse  I  right  I. 

multiple  ciuantum  wells  (MQWs)  tir  hy  the  use  of  dilTerent  operiilional  priiperties:  ;is  is  clear  Irtrm 

separate  eonfinement  heterostruetures  (SC'Hs)  l-'ig.  2.  MQW  lasers  should  have  a  better  temper- 

(f  ig.  2).  Of  ctnirse.  these  various  struetures  have  attire  eoeffieieni  as  the  strueture  allows  fewer 


multiple  Quantum  w  " 

f’lj!.  2.  Sclicm.ilrc  t,lr;jwinj!N  nt  scvcr;il  (.^W  laser  sirueliircs  aiKl  asskvi.c  •  -  .;  iiul  t'ccupieil  clcclron  Nl.ites  viiulcr  e.tfiK  i 
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hot  electrons  in  the  thermal  tail  of  the  distribu¬ 
tion  function.  Conversely,  its  threshold  current  is 
not  optimum  as  the  transparency  current  is  in¬ 
creased  n-fold  as  compared  to  the  single  OW 
laser  if  the  structure  has  n  QWs. 

The  recent  progress  in  this  field  is  still  impres¬ 
sive:  whereas  strain  effects  were  considered  detri- 
mental  in  terms  of  reliability,  they  have  recently 
been  shown  to  significantly  improve  the  perfor¬ 
mance,  due  to  the  valence  band  modifications 
which  they  provide  [2],  Another  recent  concept  is 
the  electron  reflector  barrier,  in  which  a  multiple 
layer  stack  of  GaAs/GaAlAs  is  used  as  an  elec¬ 
tron-wave  mirror,  exactly  similar  to  the  quarter- 
wave  stacks  used  in  DBR  multilayer  mirrors  [3], 
The  bound  states  occurring  in  an  electron  "cavity" 
between  two  such  mirrors,  in  a  structure  exactly 
mimicking  the  Fabry-Perot  optical  interferome¬ 
ter,  have  been  evidenced  by  Capasso  et  al.  [4], 


J.  The  second  device  generation:  subtle  effects  of 
layered  heterostructures 

The  increased  Huht -matter  interaction 

As  we  mentioned  already,  the  strength  of  the 
light-matter  interaction  per  optical  transition  is 
determined  by  the  optical  matrix  element.  Usu¬ 
ally.  in  interband  transitions  (i.e.  between  valence 
and  conduction  bands)  the  spreading  out  of  tran¬ 
sitions  over  the  energy  bands  leads  to  weak  and 
energy-broadened  optical  features  such  as  ab¬ 
sorption.  I'he  two-dimensional  quantization  ik- 
curring  in  quantum  wells  changes  such  a  behavior 
in  two  instances,  due  tt)  excitan  effects  in  inter¬ 
hand  transitions  [?J  or  to  the  giant  matrix  element 
occurring  in  intersuhhand  transitions  [ft]  (Fig.  3). 

As  is  well  known,  the  Coulomb  interaction 
between  photoe.xcited  electrons  and  holes  in  in¬ 
terhand  transitions  produces  a  well-defined  opti¬ 
cal  resonance  somewhat  below  the  semiconductor 
bandgap(by  the  effective  semiconductor  Rydberg 
energy  R*)  and  concentrates  optical  strength  at 
that  energy. 

Whereas  excitons  also  exist  in  bulk  semicon¬ 
ductors.  their  binding  energy  R*  is  much  smaller 
than  the  room-temperature  thermal  energy  kT 


Energy  bands  in  solids 


Fig.  .7.  Comparison  of  absorption  transitions  in  bulk  material 
(top),  in  intersubband  transitions  in  OWs  (center),  and  in  OW 
exeiton  interband  transitions  (birttom). 


(where  k  is  the  Boltzmann  constant)  and  they  are 
therefore  so  easily  dissociated  that  no  exeiton 
effects  are  to  be  observed  at  room  temperature  in 
any  semiconductor  material.  In  QWs.  due  to  the 
concentration  of  the  electron  and  hole  wavefunc- 
tions  in  the  QW,  the  Rydberg  energy  is  increased 
(up  to  four  times  for  perfectly  squeezed  two-di¬ 
mensional  excitons)  and  exeiton  effects  can  easily 
be  observed  for  those  optical  phenomena  which 
rely  on  unrelaxed  optical  excitation  such  as  ab¬ 
sorption  or  dispersion  [.‘i].  For  those  phenomena 
which  rely  on  relaxed  excitations,  such  as  lumines¬ 
cence  and  laser  action,  the  binding  energy  even  in 
QWs  is  still  tiK)  small  to  prevent  exeiton  dissiKia- 
tion  at  a  room  temperature.  Notwithstanding  this 
limitation  for  relaxed  interhand  transitions,  exci- 
ton  effects  give  QWs  their  superior  electnxiptical 
and  non-linear-optical  properties,  as  those  are 
based  on  virtual,  unrelaxed  excitations. 
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For  intersuhhand  transitions  occurring  between 
the  QW  quantized  levels,  either  in  the  conduc¬ 
tion  band  or  the  valence  band,  two  effects  in¬ 
crease  the  optical  interaction.  First,  the  optical 
matrix  element  is  largely  increased:  the  QW  acts 
as  an  electric  dipole  moment  of  size  L  (QW 
thickness),  whereas  atoms  and  ordinary  solids 
yield  dipoles  of  the  order  a  (atom  size).  Second, 
as  the  energy  dispersion  of  the  quantum  states 
for  the  two-dimensional  motion  is  the  same,  all 
transitions  occur  at  the  same  energy  for  all  elee- 
trons,  independent  of  their  kinetic  energy  (see 
Fig.  3  for  the  difference  with  usual  interband 
transition).  Therefore,  due  to  these  two  effects, 
QWs  can  act  as  good  radiation  detectors  in  the 
IR  spectrum  although  the  number  of  QW  elec¬ 
trons  that  can  detect  photons  (limited  to  =  10'*' 
cm"’  for  metallurgical  reasons)  is  much  smaller 
than  that  of  valence  electrons  (=  10’'  cm"')  in 
interband  bulk  detectors  like  mercury  cadmium 
tclluride  (MCT). 

The  performance  of  the  IR  QW  detectors  is 
indeed  very  promising  [6]  compared  to  that  of 
MCT-based  devices,  and  offers  the  prospect  of 
much  better  mastered  technology.  It  should  be 
kept  in  mind  at  this  point  that  a  major  limitation 
in  performance  of  such  detectors  is  due  to  the 
very  short  lifetime  of  excited  states  in  QWs:  elec¬ 
trons  can  always  relax  between  intersubband  lev¬ 
els  by  emitting  LQ  phonons  in  =  10  '■  s,  whereas 
for  interband  detectors  like  MCT  the  lifetime  in 
the  conduction  hound  is  very  long  (in  the  10  s 
range),  as  phonon  emission  cannot  rK'cur  across 
the  forbidden  gap.  This  translates  into  a  back¬ 
ground-limited  infrared  performance  (BLIP)  tem¬ 
perature  of  60-70  K. 

.12.  Electro-optical  and  non-linear-optical  effects 

Interband  electro-optical  effects  in  QWs  are 
much  stronger  than  in  any  other  material,  due  to 
the  increased  light-matter  interaction  brought 
along  by  the  exciton  effects  described  above  and 
by  the  increased  sensitivity  of  QW  energy  levels 
to  applied  electric  fields,  described  first  by  Miller 
as  a  quantum  confined  .Stark  effect  (QCSE).  It 
can  easily  be  seen  from  Fig.  4  that  application  of 
an  electric  field  across  a  QW  drastically  changes 


Photon  energy  (a.u)  Photon  energy  (a.u) 


F'ij:.  4.  F.Icciro-oplicul  el'fecls  in  qunnlum  wells.  Top.  energy 
levels  iind  wavel'unelions;  I'roni  left  to  right:  transitions  with 
no  applied  field;  transitions  with  applied  eleetrie  field  in  the 
absence  of  carriers  (quantum  confined  Stark  effect.  OC'SI-.I: 
transitions  with  carrier  handfilling  (so-called  phase-space  fill¬ 
ing  PSP).  BoUtmi.  from  left  to  right,  absorption  curses  for 
Of  '.Sn  and  PSF  eonditions.  and  comparison  of  the  absorption 
changes  for  Ot'Sti  and  PSF  (from  D..\.B.  Miller  and  If. 
Sakaki). 


its  energy  levels.  Flowever.  due  to  the  squeezing 
of  the  electron  and  hole  wavefunctions  against 
the  QW  interfaces,  the  electron-hole  optical  in¬ 
teraction  remains  very  strong  even  at  high  electric 
fields,  at  variance  with  the  smoothing  out  of 
ab.sorption  peaks  in  bulk  materials. 

From  the  strength  of  the  electro-optical  effects 
in  QWs  it  has  been  possible  to  operate  two-di¬ 
mensional  arrays  of  QW  light-absorption  modula¬ 
tors.  Under  such  conditions,  however,  the  con- 
tra.st  ratio  between  the  on-off  beams  is  quite  low. 
limited  below  10.  By  using  a  reflectivity  geometry, 
with  Fabry- Perot  (FP)  cavity  effects  obtained  by 
placing  the  electro-active  QWs  between  dielectric- 
mirrors,  several  authors  were  able  to  drastically 
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improve  the  contrast  ratio:  it  suffices  to  use  asym¬ 
metric  FP  modulators  (AFPMs)  such  that  the 
overall  reflectance  of  the  structure  is  zero  (by 
having  the  reflectance  of  the  first  mirror  exactly 
balancing  the  QW  absorption  and  the  reflectance 
of  the  second  mirror)  at  zero  applied  electric 
field  and  destroying  that  balance  under  applied 
electric  field.  Contrast  ratios  above  100  were  ob¬ 
tained  [7], 

Another  type  of  electro-optical  effect  is  also 
obtained  by  injecting  carriers  in  QWs  (Fig.  4): 
under  such  conditions  bleaching  of  the  exciton 
absorption  by  phase-space  filling  (PSF)  is  ob¬ 
tained  for  quite  low  carrier  densities,  in  the  few 
10"  cm  -  range,  due  to  the  two-dimensional 
nature  of  the  OWs.  This  electro-optical  effect 
based  on  absorption  bleaching  is  being  imple¬ 
mented  in  a  number  of  planar  waveguide  modu¬ 
lators  due  to  its  low  insertion  loss  and  low  drive- 
voltage  capability  [8]. 

Non-linear  optical  performance  of  QWs  is  also 
superior  to  that  of  other  materials.  Here  again 
the  performance  is  based  on  the  strong  light- 
matter  coupling  brought  along  by  the  interband 
exciton  effects  or  by  the  giant  intersubband  ma¬ 


trix  element  and  the  bleaching  of  that  coupling  at 
low  injected  densities  due  to  the  small  2D  den- 
sity-of-states  in  QWs.  The  performance  is  well 
evidenced  by  the  fact  that  low-power  CW  lasers 
can  be  used  to  perform  frequency  doubling  or 
degenerate  four-wave  mixing  (DFWM)  experi¬ 
ments. 

Another  hybrid  scheme  to  obtain  non-linear 
effects  is  to  use  at  the  same  time  the  photocon- 
ductive  and  the  electro-optical  properties  of  QWs. 
Under  proper  bias,  a  bistable  behavior  can  be 
obtained  in  the  so-called  self-electro-optic  device 
(SEED).  Many  implementations  of  SEEDs  have 
been  proposed.  Optical  “integrated"  circuits  with 
up  to  2048  devices  have  been  fabricated  [0]. 


4.  The  third-generation  sharp  opticai  features: 
confined  electrons  and  /or  photons? 

4. 1.  Quantum  wires  and  quantum  boxes 

Capitalizing  on  the  many  improvements 
brought  along  by  the  one-dimensional  quantiza¬ 
tion  of  layered  semiconductors  hcterosiructures 
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Fig.  6.  Impact  of  the  phonon  relaxation  hottleneck  on  quantum  wire  and  quantum  box  luminescence  quantum  efiiciencv  (center, 
after  H.  Benisty  [10]  and  on  BLIP  temperature  of  infrared  intersuhhand  OW  detectors  (right.  11.  Benisty  and  C.  Weisbuch. 
unpublished). 


just  described,  further  improvements  of  optical 
properties  were  predicted  for  structures  with 
more  fully  quantized  states  in  two  or  three  di¬ 
mensions  in  quantum-well  wires  (QWWs)  or 
quantum  boxes  (QBs)  [1].  In  particular,  fully 
quantized  motion  of  electrons  in  all  three  dimen¬ 
sions  should  yield  sharp  isolated  optical  transi¬ 
tions,  which  should  lead  to  well-improved  maxi¬ 
mum  gain  under  excitation  conditions  similar  to 
.■^D.  2D  or  ID  (Fig.  .b).  Although  many  realiza¬ 
tions  of  ID  QWWs  or  OD  QBs  have  been  re¬ 
ported  in  the  past  few  years,  most  of  them  re¬ 


ported  worse,  or  at  most  as  good  properties  as  2D 
QWs,  at  strong  variance  with  the  universal  im¬ 
provement  brought  along  by  QWs  when  com¬ 
pared  to  three-dimensional  heierostructures  [I]. 
We  have  recently  shown  [10]  that  beyond  the 
surface  and  material  damage  brought  along  by 
the  2D  and  3D  manufacturing  processes  of  ID 
QWWs  and  OD  QBs.  some  intrinsic  mechanism 
should  be  responsible  for  such  a  universal  behax- 
ior.  independent  of  the  many  fabrication  schemes 
used.  We  actually  found  that  whereas  optical 
properties  are  predicted  to  improxe  xxith  decreas- 
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ing  dimensionality  thanks  to  the  sharper  optical 
transitions,  there  is  conversely  a  price  to  pay  for 
such  a  fuller  quantization,  i.e.  reduced  carrier 
energy  relaxation  rates.  It  is  then  simulated  that 
energetically-injected  electrons  and  holes  in 
QWWs,  and  above  all  in  QBs,  most  often  remain 
in  orthogonal  quantum  states,  therefore  forbid¬ 
ding  radiative  recombination  in  interband  transi¬ 
tions  (Fig.  6).  Several  improved  relaxation 
schemes  have  recently  been  proposed  to  bypass 
this  relaxation  bottleneck  such  as  re.sonant  LO 
phonon  relaxation  in  specially-designed  QBs  (II] 
or  electron-electron  Auger  collisions  [12].  On  the 
other  hand,  the  relaxation  bottleneck  is  full  of 
promises  for  intraband-based  devices  [13]  such  as 
infrared  detectors,  which  as  mentioned  at  the  end 
of  section  3.1,  are  most  often  limited  in  perfor¬ 
mance  due  to  the  fast  inter-level  transition  rate 
brought  along  by  LO  and  LA  phonon  emission 
(Fig.  b). 

4.2.  Photon  mode  quiintizatkm  in  optical  microcai  - 
ities 

A  new  way  to  obtain  sharp  optical  features  in 
solids  has  recently  been  opened  thanks  to  the 
photon  quantization  in  microcavities  [14].  The 
basic  principle  is  easy  to  grasp:  Electrons  and 
holes  in  energy  bands  can  usually  recombine  at 
the  various  energies  allowed  by  carrier  popula¬ 
tions  energy  and  momentum  conservation  ("verti¬ 


cal"  transitions),  because  there  exist  under  the 
usual  conditions  a  continuum  of  photon  .states 
which  induce  spontaneous  emission  through  the 
so-called  vacuum-field  fluctuations  (Fig.  7).  If  we 
consider  that  the  active  material  is  placed  in  an 
optical  cavity  where  only  a  single  photon  mode 
has  a  spectral  overlap  with  the  emission  band, 
radiative  recombination  can  only  take  place  in 
that  photon  mode.  The  emitted  light  has  the 
spectral  characteristics  of  the  photon  mode,  i.e., 
can  be  extremely  narrow  as  determined  by  the 
photon  lifetime  in  the  cavity.  The  fate  of  all 
electron-hole  pairs  not  matching  the  energy  and 
momentum  of  the  mode  photon  is  to  either  re¬ 
combine  non-radiatively  or.  in  "good"  samples,  to 
reach  the  photon-matched  states  by  momentum 
and  energy  relaxation  before  non-radiativc  re¬ 
combination  takes  place.  Like  for  electron  states, 
the  photon  mode  quantization  can  be  achieved  in 
2D,  ID  or  OD  using  planar  cavities,  cylindrical 
cavities  or  clo.sed  cavities  respectively  (Fig.  7). 
Similar  control  of  spontaneous  emission  can  be 
obtained  from  the  recently-developed  concept  of 
photonic  band  gap  (PBG)  materials  [l.s];  such 
materials  have  a  periodically  modulated  dielectric 
constant,  as  provided  by  the  use  of  a  3D  periodic 
heterostructure.  The  exclusion  of  unwanted  pho¬ 
ton  modes  is  provided  by  the  multiple  rellections 
vK'curring  in  the  periodic  structure,  analogous  to 
the  opening  of  a  bandgap  in  the  electronic  energy 
levels  in  periodic  solids.  Of  course,  one  requires 
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within  the  photonic  bundgap  an  allowed  mode 
which  would  let  light  escape  from  the  crystal. 
This  is  provided  by  breaking  the  exact  translation 
invariance  of  the  perfect  photonic  crystal  by  a 
■  photon  impurity”,  i.e.  localizing  an  optical  mode 
by  a  photonic  crystal  defect  [15].  We  have  re¬ 
cently  shown  the  two  approaches  of  microcavities 
and  photonic  bandgap  materials  to  be  equivalent, 
the  microcavity  representing  an  optimal  impurity 
in  a  PBG  material  [16]. 

Semiconductor  microcavity  structures  have  very 
simple  ID  implementations:  one  uses  planar 
Fabry-Perot  (FP)  microcavities  where  the  mir¬ 
rors  are  multi-quarter  wave  stacks  distributed 
Bragg  reflectors  (DBRs)  (Fig.  8).  The  usual  multi¬ 
pass  interference  description  of  the  FP  resrmator 
shows  that  the  resonant  photon  mode,  for  which 
all  reflected  waves  in  the  cavity  are  in  phase,  has 
an  intensity  increased  by  a  factor  4/(1-/?), 
where  R  is  the  DBR  mirror  reflectivity  [14].  Con¬ 
versely.  those  non-resonant  photon  modes  are 
suppressed  by  a  factor  =  1  -  /?.  The  cavity  acts 
as  if  it  concentrated  the  electric  field  from  all 
non-resonant  modes  into  the  resonant  mode.  The 
net  effect  is  therefore  that  the  spontaneous  life¬ 
time  has  hardly  changed,  as  long  as  efficient 
relaxation  towards  the  photon-coupled  electron- 
hole  state  prevents  a  too-strong  hole  burning 
phenomenon. 

Many  predictions  of  the  impact  of  microcavity 
effects  have  been  verified.  One  of  the  most 
promising  device-wise  is  the  concentration  of  the 
spontaneously  emitted  light  in  the  narrow  angle 
of  the  cavity  mode  (Fig.  H).  of  the  order  of  (I  - 
R)/7r  inside  the  microcavity  material.  This  opens 
the  way  to  high  efficiency  LEDs  with  fiber- 
matched  emission  angles  instead  of  the  approxi¬ 
mately  Lambertian  emission  of  cavityless  struc¬ 
tures.  It  should  be  remarked  that  this  effect, 
directly  due  to  the  photon  mode  quantization, 
yields  a  major  improvement  when  compared  with 
the  quantum  box  electron  quantization  where  the 
electric  dipole  of  clectntn-hole  pairs  or  cxcitons 
radiates  in  all  directions.  It  should  also  lead  U) 
the  “thresholdless"  laser  [14]  as  the  emission 
process  will  continuously  switch  from  sponta¬ 
neous  to  stimulated  in  the  same  single  photon 
mode  while  increasing  exciting  power. 


The  spectral  narrowing  of  LED  emission  due 
to  the  cavity  resonance  is  also  very  useful;  it 
reduces  the  dispersion  in  high-data  rate  transmis¬ 
sion.  An  improvement  of  =  3  was  recently  ob¬ 
served  by  Hunt  [17]  in  the  maximum  distance- 
frequency  product. 

Recently,  we  have  evidenced  the  resonant  in¬ 
teraction  of  the  microcavity  photon  mode  with 
the  OW  excitons.  which  gives  rise  to  the  vacuum- 
field  Rabi  oscillation  of  the  excitons  [18].  Rabi 
oscillations  can  be  seen  as  a  coupled-oscillator 
proce.ss,  by  which  resonantly  coupled  electronic 
and  photon  oscillators  periodically  exchange  en¬ 
ergy.  In  a  classical  coupled  oscillator  description, 
the  overall  system  response  yields  two  split  modes 
corresponding  to  the  normal  modes  of  the  sys¬ 
tem.  In  an  atomic  transition  language,  one  con¬ 
siders  the  system  as  undergoing  a  coherent  evolu¬ 
tion  with  a  phot(m  being  absorbed  by  an  atom, 
which  subsequently  emits  a  photon  with  the  same 
energy  and  wavcvcctor  k.  that  photon  being  reab¬ 
sorbed.  and  so  on.  This  observation,  recently  ex¬ 
tended  to  room  temperature,  shows  that  the  asso¬ 
ciation  of  quantum  wells  and  microcavities  yields 
an  optical  "hybrid"  material  which  exhibits  a 
strong  optical  coupling,  i.e.  the  cohcrcni  inicrac- 
lion  of  lif’lii  anil  matter.  This  might  well  be  the 
"ultimate"  optical  material. 


5.  Conclusions 

As  can  be  seen,  the  field  of  optieal  het¬ 
erostructures  has  already  provided  many  impor¬ 
tant  devices,  and  will  continue  to  dt)  so  in  the 
future  [IM],  The  exciting  feature  of  this  field  is 
that  breakthrough  concepts  are  appearing  at  an 
undiminished  pace,  to  the  contrary!  We  hope  to 
have  conveyed  some  of  the  excitement  experi¬ 
enced  by  the  researchers  in  this  field  in  this  short 
overview. 
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Abstract 

Alter  a  short  review  of  the  typical  gain  prtK'csscs  in  II-VI  semiconductors,  vve  present  examples  for  various 
compounds  considering  rather  thick  epilayers  and  superlattices.  The  observed  gain  processes  include  inelastic 
scattering  processes,  hiexcitons  and  plusmii  formation. 


1.  Introduction 

In  the  seventies  and  eighties  we  saw  already  a 
phase  of  intense  work  towards  the  understanding 
of  gain  processes  in  II-VI  semiconductors.  I'he 
failure  at  that  time  to  grow  efficient  p-n  junc¬ 
tions  caused  a  shift  of  the  interest  to  other  topics 
[I].  The  recent  success  based  on  advanced  growth 
and  doping  techniques  like  molecular  beam  epi¬ 
taxy  (MBE)  and  metalorganic  chemical  vapour 
deposition  (MOC'VD)  [2]  brought  the  interest 
back  to  the  above-mentioned  field.  While  com¬ 
mercial  la.scr  diodes  for  the  (infra-)  red  range 
based  on  GaAs  or  InP  relay  essential  on  the 
recombination  in  a  degenerate  three-  or  two-di¬ 
mensional  electron-hole  plasma  (EHP)  as  gain 
mechanism  [3],  it  became  rather  early  clear,  that 
excitonic  priX’csses  contribute  in  addition  in  the 
case  of  wide  gap  II-VI  [4]  (and  III-V)  materials 
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due  to  the  dependence  of  the  effective  density  of 
states  or  of  the  Mott  density  on  material  parame¬ 
ters  like  the  dielectric  constant  and  the  effective 
masses  [I].  In  the  following  we  shall  shortly  re¬ 
view  the  gain  processes,  present  the  investigated 
samples,  some  of  their  properties  and  the  ob¬ 
served  gain  spectra.  We  finish  with  a  short  con¬ 
clusion  and  outlook. 


2.  Gain  processes 

The  main  gain  proce.ss  in  semicv)nductors  have 
been  compiled  already  several  times  (see.  e.g.. 
refs.  [1.4-7]  and  references  therein).  We  can  be 
therefore  rather  short  here. 

At  low  temperatures,  there  are  extrinsic  pro¬ 
cesses  like  the  recombination  of  an  cxciton  bound 
to  a  defect  under  emission  of  an  acoustic  phonon 
or  under  scattering  with  a  free  carrier  or  exciton 
[6].  These  priKCsses  contribute  to  the  so-called 
M-band.  Furthermore  there  can  be  gain  due  to 


(KI2:  (l’4S/>J4/$(t7.(X)  <  IW4  l-lscvicr  Science  B.V.  All  rights  reserved 
.V.VO/  0()22-()24S(<).1)[;().‘i(>5-() 


C.  Kliiigshirn  et  al.  /  Journal  of  Crystal  Growth  IJHil994)  ISh-JW 


7H7 


free-to-bound  transitions  or  due  to  population 
inversion  in  the  tail  of  exciton  states,  localized  by 
disorder  occurring,  e.g.  in  alloys  or  at  interfaces 
(well  width  fluctuations)  [4,8].  In  the  intermediate 
density  regime  there  are  a  large  number  of  intrin¬ 
sic  processes  depending  on  temperature,  material 
parameters  and  excitation  conditions  which  gen¬ 
erally  resscmble  a  four  level  system  and  show 
gain.  Examples  are  the  decay  of  biexcitons  (in¬ 
cluding  both  incoherent  processes  contributing  to 
the  M-band  and  coherent  antiStokes  raman  scat¬ 
tering  (CARS)-like  ones)  [6,7],  the  decay  of  an 
e.xciton  under  emission  of  one  (or  more)  LO 
phonons  [6,9],  or  inelastic  scattering  processes  in 
which  one  exciton  (or  electron-hole  pair)  decays 
radiatively,  however  transfering  part  of  its  energy 
to  another  exciton,  which  is  excited  to  a  state 

with  /Ih  =  2,  3 . X,  resulting  in  the  so-called 

I\  bands,  or  to  a  free  carrier  [6].  These  so-called 

"it 

exciton-exciton  and  exciton-electron  (or  hole) 
scattering  processes  can  survive  also  when  the 
excitons  are  increasingly  ionized  either  thermally 
or  by  increasing  excitation  density  in  the  transi¬ 
tion  to  an  electron-hole  plasma.  In  the  case  of  a 
degenerate  EHP  such  processes  are  also  known 
as  "Fermi  sea  shake-up"  [10].  The  exciton-carrier 
scattering  shifts  with  increasing  temperature 
faster  to  the  red  than  the  band-gap  does  [1,6].  At 
the  highest  excitation  intensities,  an  EHP  is 
reached  in  all  semiconductors.  In  the  case  of  a 
degenerate  EHP,  i.e.  when  the  chemical  potential 
II  of  the  electron-hole  pair  system  is  situated 
ab(wc  the  reduced  band  gap  E^.  one  has  popula¬ 
tion  inversion  between  the  bands  and  gain  due  to 
direct  band-to-band  recombination  between  n 
and  [6].  The  gain  can  extend  to  energies  below 
E'^  due  to  final  state  damping  [6],  Fermi  sea 
shake-up  [10]  or  the  emission  of  plasmons  and/or 
phonons  [6,10].  Some  of  the  last  mentioned  pro¬ 
cesses  may  result  in  gain  also  in  a  non-degenerate 
EHP. 


3.  Investigated  samples  and  experimental  tech¬ 
niques 

We  investigate  partly  epilayers  with  thick¬ 
nesses  above  0.1  ^m  for  which  quantization  ef¬ 


fects  are  negligible,  partly  superlattices  (SLs)  or 
multiple  quantum  well  (MQW)  structures  with 
well  width  /,  comparable  to  the  excitonic  Bohr 
radius.  The  hexagonal  CdS  and  CdSe  epilayers 
and  the  CdS /CdSe  superlattices  have  been  grown 
on  GaAs  (iTl)  substrates  in  Kaiserslautern  by 
hot-wall  epitaxy.  Details  about  the  growth  pro¬ 
cess  are  given  in  ref.  [11].  The  ZnTe  epilayers 
have  been  grown  on  GaAs  (100)  in  Regensburg 
by  MOeVD  [12]  and  the  ZnSe  epilayers  and 
ZnSe/ZnS„  |Se„y  SL  in  Aachen  also  by  MOCVD 
[13].  In  some  cases  the  layers  have  been  glued  on 
a  sapphire  chip  and  the  substrate  has  been  re¬ 
moved  by  .selective  etching. 

The  linear  transmission,  reflection  and  lumi¬ 
nescence  spectra  have  been  recorded  by  standard 
techniques  using  a  He  flow  cryostat,  a  spectrome¬ 
ter  and  an  optical  multichannnel  analyser  for 
detection.  For  high  excitation,  the  samples  have 
been  illuminated  either  by  7  ns  pulses  from  a 
tunable  dye  laser  pumped  by  a  nitrogen  laser  or 
by  80  ps  pulses  from  a  quenched  cavity  dye  laser 
pumped  by  an  excimer  laser.  In  the  latter  case 
the  emission  was  temporally  dispersed  by  a  streak 
camera.  Gain  .spectra  have  been  obtained  from 
the  emission  spectra  under  variation  of  the  exci¬ 
tation  stripe  length  [14]  and  care  has  been  taken 
to  avoid  gain  saturation.  The  product  of  gain  and 
layer  thickness  is  usually  so  low  that  pump-and- 
probe  measurements  through  the  sample  are  not 
applicable  for  gain  measurements. 


4.  Results  for  thick  epilayers 

The  gain  processes  at  low  temperatures  show  a 
rather  consistent  picture  in  various  samples.  The 
gain  is  mainly  due  to  inelastic  exciton-exciton 
scattering  with  contributions  of  the  ex-LO  pro¬ 
cess.  At  the  highest  pump  powers  close  to  the 
damage  threshold  EHP  features  appear.  Gain 
spectra  have  been  published  for  the  above-men¬ 
tioned  ZnTe  [15]  and  CdSe  layers  [16].  They 
agree  with  luminescence  spectra  under  high  exci¬ 
tation  [17,18].  We  give  here  in  Fig.  1  an  example 
for  a  0.5  pm  wide  ZnSe  layer  grown  on  GaAs 
between  ZnS,, ,Se„y  buffer  and  cap  layers  of  2 
and  0.5  pm,  respectively.  We  see  in  the  absorp- 
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photon  energy  (eV) 

Fig.  1.  The  absorption  spectrum  ( - ).  luminescence  spectra 

tor  two  different  excitation  intensities  (-•-•-)  and  a  gain 

spectrum  (- - )  for  a  ZnSe  epilaycr  grown  between 

ZnS„,Se|,g  cladding  layers  on  GaAs. 

tion  spectrum  the  broadened  T,  1  exciton 

centred  around  2.803  eV,  the  continuum  transi¬ 
tions  starting  above  2.82  eV  and  the  absorption  of 
buffer  and  cap  layers  beyond  2.84  eV.  The  lumi¬ 
nescence  ob.served  in  a  backward  scattering  con¬ 
figuration  shows  at  4,^,  =  0.27  MW/cm’  an  M- 
band  like  structure  [6.17)  to  which  an  emission 
from  excitons  bound  to  defects  and/or  to  inter¬ 
face  disorder  may  contribute,  apart  from  the  ef¬ 
fects  mentioned  in  section  2.  At  higher  excitation 
an  additional  structure  appears  around  2.78  eV, 
which  dominates  the  in-plane  emission  spectra 
due  to  stimulation.  The  optical  gain  is  concen¬ 
trated  in  this  band  and  reaches  values  up  to  250 
cm  '.  From  its  spectral  position  and  its  similarity 
with  CdSe  or  ZnTe  [15-17]  we  attribute  it  to 
inelastic  exciton-exciton  scattering. 


5.  Results  for  superlattices 

We  continue  with  a  SL  consisting  nominally  of 
120  periods  of  6  nm  ZnSe  and  1 1  nm  ZnS„  ,Sc„.,. 
In  Fig.  2a,  its  linear  optical  properties  are  sum¬ 
marized.  When  the  sample  is  still  on  the  GaAs 
substrate,  it  shows  strong  Fabry- Perot  modes  in 
reflection  (upper  trace)  in  the  transparent  part  of 
the  spectrum  and  in  reflection  a  main  resonance 
of  the  n„=  I  r'  exciton  in  ZnSe  at  2.815  eV. 
After  removal  of  the  substrate,  this  resonance  is 
only  slightly  shifted  (lower  trace).  In  addition,  the 


absorption  spectrum  can  be  measured.  It  shows 
several  structures:  a  weak  shoulder  at  2.800  eV.  a 
first  main  peak  at  2.815  eV  another  one  at  2.825 
eV,  a  weaker  one  at  2.831  eV  and  a  step-like 
feature  above  2.84  eV.  The  interpretation  of  these 
data  is  rather  complex  due  to  some  uncertainties 
in  well  and  barrier  widths  and  compositions,  and 
in  the  combined  effects  of  strain  (including  the 
unknown  thermal  behaviour  of  the  adhesive), 
quantization  and  enhancement  of  the  exciton 
binding  energy.  An  interpretation  of  the  shoulder 
at  2.809  eV  as  «„=  1  Ih  exciton  [19]  is  for  the 
present  system  rather  unlikely  due  to  the  presum¬ 
ably  compressive  strain.  In  this  case  the  hh  e.xci- 
ton  should  be  lower  [19-21].  So  we  attribute  the 
shoulder  to  some  defect  transitions  or  well-width 
fluctuations.  The  absorption  and  reflection  sig¬ 
nals  at  2.815  eV  correspond  then  to  the  n^i  =  1 
hh  exciton.  For  the  higher  peaks  we  put  forward 
two  alternate  assignments:  (i)  2.825  eV.  =  1  Ih 
exciton;  2.831  eV.  =  2  hh  exciton:  around  2.84 


2.76  2.78  2.80  2.82  2.84  2.86 


2  62  2.64  2.66  2  68  2.70 


photon  energy  (eV) 

Fig.  2.  Optical  properlicN  of  a  ZnSe/ZnSi,  |SC||„  SI  :  (a) 
reflection  spectra  before  and  after  removal  of  the  (ia.Xs 

substrate  ( — - 1  and  absorption  spectrum  (b)  Ciain 

spectra  at  low  lattice  temperature  for  various  values  of  the 
excitation  intensity;  (c)  tiain  spectrum  at  room  temperature. 


C.  Kliniishirn  et  al.  /Journal  of  Crystal  (iroMfh  13H(1Q94)  7Hfi-79() 


7K9 


eV.  onset  of  the  exciton  continuum  of  the  wells 
and  of  the  barrier  absorption.  In  this  case  the 
binding  energy  of  the  exciton  would  be  enhanced 
from  the  bulk  value  of  20  meV  to  about  25  meV. 
(ii)  Splitting  of  hh  and  Ih  excitons  below  the 
observed  width  of  the  resonances  of  about  5 
meV.  Then  we  would  have  2.825  eV,  ««=  1 
exciton  of  barriers,  2.8.11  eV.  rtH  =  2  exciton  of 
wells  and  at  2.84  eV,  the  onset  of  the  continuum 
for  wells  and  barriers.  Further  work  is  in  progress 
to  distinguish  between  (i)  and  (ii).  The  low  tem¬ 
perature  gain  spectra  start  rather  close  to  the 
exciton  resonance.  Therefore  we  can  exclude  ex- 
ex  scattering  for  both  above  assignments.  The 
spectral  position  coincides  rather  with  the  M- 
band,  so  in  principle  all  processes  contributing  to 
this  feature  (see  above  or  ref.  [6])  have  to  be 
considered  and  in  addition  localized  tail  states 
caused  by  well  width  fluctuations.  The  rather 
high  peak  values  of  the  gain  lead  us  to  favour  the 
latter  interpretation  or  the  biexciton  decay  pro¬ 
cess  [21].  The  binding  energy  of  the  biexciton 
would  then  be  in  the  range  of  5  meV  roughly 
compatible  with  the  enhanced  exciton  binding 
energy. 

Around  80  K  the  gain  process  changes  evi¬ 
dently.  The  gain  spectrum  is  getting  broader  and 
shifts  more  strongly  with  temperature  as  can  be 
seen  from  the  slopes  given  in  Fig.  .la.  The  la.scr 
threshold  increases  (Fig.  .1b).  At  3(K)  K  it  reaches 
a  FWHM  of  40  meV. 

These  features  are  strong  hints  for  an  inelastic 
scattering  process  between  free  carriers  and  exci¬ 
tons  [20]  or  holes  and  electrons  in  an  EHP.  A 
simple  guess  with  the  generation  rate  and  a  life¬ 
time  of  2(K)  ps  indicates,  that  the  EFIP  could  be 
just  at  the  onset  of  degeneracy  at  RT  with  n,,  of 
several  10"*  cm  \ 

As  a  last  example,  we  show  in  Fig.  4  time 
resolved  emission  spectra  of  a  hexagonal  type-11 
CdS/CdSe  SL  grown  on  GaAs  (TIT).  The  shift  of 
the  emission  with  time  is  connected  with  the 
screening  of  internal  piezo-fields  by  the  free  car¬ 
riers  and  is  treated  in  more  detail  in  ref.  [22]. 
Here  we  concentrate  on  the  strong  peak  around 
1.8  eV  which  appears  with  a  threshold  character 
for  the  highest  excitation  energies  only  and  which 
decays  almost  synchroncously  with  the  excitation 


temperature  (K.) 


temperature  (K.) 


Fig.  y.  The  lemperiiture  dependence  of  the  exciton  energy 
and  of  the  gain  maximum  juxi  beyom)  Ihre.shoid 
(-  •  -)  (a)  and  the  temperature  dependence  of  the  FWHM  of 
the  gain  spectrum  ( -  •  - )  and  the  excitation  intensity  at 
threshold  (-  □  -)  (h). 


Fig.  4.  Time  rc'olved  emission  spectra  after  ps  excitation  of  .V) 
pcrknls  of  h  nm  t  dSe  and  h  nm  C'dS  on  (iaAs  (111)  for  t«o 
different  pump  powers. 


threshold  (MW/ent) 
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pulse.  These  features  confirm  that  this  emission 
is  of  'Stimulated  origin.  A  detailed  analysis  [22]  of 
the  (mini-)  band  structure  in  this  SL  shows  that 
the  stimulated  emission  is  due  to  the  transition 
from  the  second  quantized  electron  level  to  the 
first  quantized  hole  level  due  to  the  stronger 
overlap  integral.  The  first  quantized  hole  level  is 
with  increasing  excitation  populated  first,  but  the 
optical  transition  matrix  element  is  too  small  U 
overcome  the  losses.  Since  the  parity  selection 
rule  -1/1-  =  0  is  relaxed  by  the  internal  piezofields, 
the  transitions  between  the  second  electron  and 
the  first  hole  subband  are  allowed  and  get  indeed 
a  higher  oscillator  strength  than  the  fundamental 
transition  [22].  The  densities  at  which  these  states 
start  to  be  populated  are  in  the  10''  cm  '  range 
and  thus  beyond  the  2d  Mott  density.  This  means, 
that  we  have  here  an  example  of  plasma  gain  in  a 
Il-VI  SL. 


6.  Conclusion  and  outlook 

We  have  seen  that  the  gain  proce..ses  for  sev¬ 
eral  ll-VI  epilayers  and  SL  follow  the  trends 
known  from  bulk  materials.  In  the  future  we  can 
expect  the  optimization  of  these  processes  to¬ 
wards  application  (i.e.,  room  temperature  lasing 
in  a  forward  biased  p-n  junction)  and  a  quantita¬ 
tive  analysis  and  understanding  of,  e.g.,  the  scat¬ 
tering  processes,  the  band  alignment  and  renor¬ 
malization. 
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Abstract 

The  dephasing  of  hcav\-  and  light-hole  excitons  in  C'dTe/C'd||;,„Mn„  ^Te  multiple  quantum  wells  is  investigated 
by  means  of  subpicoseeond  transient  four-wave  mixing  We  find  dephasing  times  on  the  order  of  2  ps.  eorresponiling 
to  a  homogeneous  linewidth  of  0.65  meV.  for  the  free  heavy-hole  exciton  at  5  K  and  moderate  exeiton  densiiv. 
Density  and  temperature  dependent  measurements  of  the  homogeneous  linewidth  allow  the  determination  of  the 
interaction  strength  for  exciton-exciton  and  exeiton-phonon  scattering  as  well  us  of  the  residuiil  eonlribuliou  ilue  to 
extrinsic  scattering  processes.  Simultaneous  excitation  of  heavy-  and  light-hole  excitons  letids  to  the  appearance  of 
quantum  beats,  allowing  the  determination  of  the  light-hole  dephasing  time.  We  find  that  the  light  hide  depliases 
4-5  times  faster  than  the  heavy-hole  exciton.  This  faster  dephasing  of  the  light-hole  exciton  is  attributeil  to  a 
resonant  coupling  between  the  Is  light-hole  and  the  2s  heavy-hole  exciton  state.  The  results  are  compared  to 
published  data  for  GaAs/AI,  ,Ga,  As  quantum  wells. 


I.  Introduction 

Recently  various  time-resolved  optical  tech¬ 
niques,  including  time-resolved  photolumines- 
ccncc  (TRPL).  pump  and  probe,  or  transient 
four-wave  mixing  (TFWM),  have  been  employed 
to  study  the  dynamics  of  excitons  in  II-VI  semi¬ 
conductor  bulk  materials  [1]  and  heterostructures 
[2. .5],  Among  these,  TFWM  allows  direct  measur¬ 
ing  of  the  e.xciton  dephasing  time  T,.  and  thus 
determining  the  homogeneous  linewidth,  = 
h/vl\.  Due  to  its  dependence  on  scattering  pro¬ 
cesses,  the  dephasing  time  and  hence  the  homo- 


*  (  orrcsponclint:  author. 


gcncous  linewidth  of  optical,  in  particular  exci¬ 
ton.  transitions  is  a  very'  sensitive  measure  of  the 
extrinsic  and  intrinsic  properties  of  the  materials 
and  structures.  For  example,  amongst  the  difter- 
ent  .scattering  processes  contributing  to  the  de¬ 
phasing.  defect-,  impurity-,  alloy-  and  interface- 
scattering  are  extrinsic  processes,  which  often  de¬ 
pend  on  growth  conditions,  while  quasi-particic 
interactions,  like  exciton-exv  ium  and  exeiton- 
phonon  scattering,  are  intrinsic.  Thus,  a  detailed 
investigation  of  these  processes  and  a  comparison 
of  the  optical  properties  of  quantum  wells  (OW's) 
based  on  wide  gap  II-VI  semiconductors  with 
III-V  OWs  arc  also  of  great  importance  for  the 
further  development  and  improvement  of  opto¬ 
electronic  devices  based  on  II-VI  materials. 


IH)2:-()24X/44/$(l7.l)(l  .  I<m  I  Iscvicr  Svicncc  H.V.  All  richts  rcscrvcil 
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Here  we  report  on  subpicosecond  TFWM 
studies  of  scattering  processes  contributing  to  the 
optical  dephasing  of  heavy-hole  and  light-hole 
exeitons  in  a  semimagnetic  CdTe/C'd,ix„IVln|,  uTe 
multiple  quantum  well  (MOW). 


2.  E.xperimental  details 

The  Cd're/C'd||j;,,Mn||  ijTe  MOW  was  grown 
by  molecular  beam  epitaxy  on  (l(H))-orienied 
Cd  Te  substrate  after  a  0.2  ^lm  CdTe  buffer  layer 
[4].  The  MOW  consists  of  50  periods  of  8.5  nm 
thick  C'd  l'e  wells  and  0.5  nm  thick  Cd|,>(,,Mn|,  uTe 
barriers.  A  tunable  mode  locked  Ti-.sapphire 
laser  was  used  as  an  excitation  source  for  the 
TI'WM  experiments.  This  laser  produces  a  train 
of  110  fs  pulses  (spectral  width  22  meV)  at  a 
repetition  rate  of  76  MHz.  The  T.  times  were 
measured  in  the  two-pulse  self-diffraction  TFWM 
configuration  in  the  reflection  geometry  [5],  al¬ 
lowing  FWM  experiments  on  structures  with 
opaque  substrates.  The  nonlinear  signal  was  de¬ 
tected  time  integrated  by  a  photomultiplier  as  a 
function  of  the  time  delay  between  the  two  inci¬ 
dent  pulses.  For  inhomogeneously  broadened 
transitions,  the  exponential  decay  of  the  TFWM 
signal  is  related  to  the  dephasing  time  by 

/;  ■  -*  "n\vM  I''’*'  the  TRPT  experiments, 
excitation  was  provided  by  a  synchronously 
pumped  mode-locked  Pyridin  2  dye  laser  with 
pulse  duration  of  7  ps.  A  synchrosean  streak 
camera  with  a  time  resolution  of  25  ps  was  used 
for  detection.  The  sample  was  kept  in  a  tempera¬ 
ture  variable  helium  flow  cryostat,  allowing  tem¬ 
perature  dependent  measurements. 


3.  Ke.sults  and  discus.sinn 

['he  photoluminescenee  excitation  spectrum 
(Pl.Ii)  of  the  sample  is  shown  in  l  ig.  1.  I'he 
resonances  of  the  Is  heavy-  and  light-hole  exci- 
tons  (hh  and  Ih)  can  be  observed  at  1.62(1  eV  (hh) 
and  1. 6.5.4  eV  (Ih).  This  eorrresponds  to  a  Ih-hh 
splitting  of  1.1  meV.  The  linewidth  is  4. .5  meV  for 
the  hh  and  5.0  meV  for  the  Ih.  1  he  broadening  is 


Energy  (eV) 


F'ii!.  I.  Phoiolumincsccncc  excitation  spectrum  at  F  -  l.f>  K. 
The  horizontal  solid  arri>w  indicates  the  spectral  full  width  at 
half  maximum  «>f  the  laser  pulses  used  in  the  TFW  M  experi¬ 
ments.  The  dashed  line  correspimds  to  the  eneriix  splittinj: 
determined  from  the  observed  heat  period. 

attributed  to  well-width  fluctuations  on  the  order 
of  three  monolayers. 

Fig.  2  shows  the  transient  behaviour  of  the 
luminescence  detected  from  the  free  Is  heavy- 
hole  exciton  recombination  under  nonresonant 
e.xcitation.  i.e.  excited  above  the  Is  heavy-hole 
exciton  resonance.  The  TRPL  signal  can  be  uell 
fitted  with  an  exponential  decay  constant  of  205 
ps.  a  typical  value  for  11-Vl  semiconductor  OWs 
[2.7]. 

TFWM  traces  measured  at  4,2  and  45  K  and 
an  exciton  density  of  lO'"  cm  -  are  shown  in  Fig. 
.5.  In  order  to  excite  only  the  hh  exciton  transi¬ 
tion.  the  laser  was  tuned  well  below  the  hh  reso¬ 
nance.  The  decay  times  of  the  Tl-WM  signals, 
obtained  by  an  exponential  fit  to  the  data,  eorre- 


I  ij!.  2.  '!  Rl*[.  ot  ihc  hc;iv\'ht>lc  cxcilon  ul  K  js  measured 
under  mmrcsonanl  cxcnalion,  i.c.  excited  aNwc  the  Is  heavv- 
hole  exciton  energy. 
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Time  Delay  (pe) 

Fig.  ?•.  TFW’M  signal  as  a  (unction  of  the  delay  lime  between 
the  two  exciting  laser  pulses  at  7  “  4.2  and  45  K. 


spond  to  dephasing  times  T.  of  1.38  and  84()  fs. 
respectively.  These  dephasing  times  are  much 
shorter  than  the  observed  cxciton  recombination 
time  of  20.3  ps.  Thus,  we  can  conclude  that  the 
recombination  process  does  not  contribute  to  the 
dephasing  and  that  the  T.  times  are  determined 
solely  by  scattering  procc.sses,  which  will  dis¬ 
cussed  in  detail  in  the  following. 

Temperature  dependent  TFWM  measure¬ 
ments  between  4.2  and  45  K  reveal  a  linear 
incrca.se  of  the  homogeneous  linewidth  from  0.95 
to  1.54  meV,  as  shown  in  Fig.  4.  The  linear 
increase  implies  that  acoustic  phonon  scattering 
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F'ig.  4.  Homogeneous  linewidlh  as  a  function  of  temperature. 
The  dashed  line  represents  a  linear  regression,  which  yields 
the  coupling  strength  for  exciton-acoustic  phonon  scattering. 
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Fig.  5.  Homogeneous  linewidth  as  a  function  i>f  exciton  den¬ 
sity.  The  dashed  line  is  the  result  of  a  linear  regression,  w  hich 
yields  the  parameter  for  exciton-exciltm  interaction. 


is  the  dominant  temperature  dependent  dephas¬ 
ing  mechanism  below  45  K  [8].  The  slope  of  the 
linear  increase  is  a  measure  of  the  exciton-acous¬ 
tic  phonon  coupling  strength  whereas  the 
intercept  accounts  for  temperature 

independent  processes  such  as  exciton-exciton 
interaction  and  scattering  by  defects,  impurities, 
interface  roughness  and  alloy  fluctuations  [9.10]. 
A  linear  regression  to  our  data  yields  yp^  =  13.7 
/icV/K  and  an  intercept  of  0.89  meV.  The  value 
for  Ypi,  is  a  factor  of  three  larger  than  the  one 
reported  for  a  13.5  nm  GaAs/AlGaAs  QW  [9]. 
Thus,  we  conclude  that  exciton-acoustic  phonon 
scattering  is  weaker  in  GaAs/AlGaAs  as  com¬ 
pared  to  CdTe/CdMnTe  OWs. 

As  mentioned  above,  /’|,„„,(T=0)  involves  a 
contribution  due  to  exciton-cxciton  scattering. 
We  have  determined  this  contribution  by  measur¬ 
ing  the  density  dependence  of  /  at  4.2  K  in 
the  range  between  3.4  X  lO"  and  5.5  x  10'-  cm  -. 
The  obtained  values  are  plotted  in  Fig.  5.  /'|„„„ 
increa.ses  linearly  with  cxciton  density  from  0.6 
meV  to  2.4  meV  in  this  range.  This  linear  in¬ 
crease  is  attributed  to  exciton-exciton  scattering 
and  can  be  described  by  [I  Ij: 

"v)  =  "x  =  0)  +  ^xx^hZ-'B",-  (  1  ) 

Here  is  the  cxciton  Bohr  radius  (4.5  nm  in  our 
particular  structure)  and  /•,„  the  exciton  binding 
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energy  (20  meV  in  our  case),  is  a  dimension¬ 
less  parameter  and  gives  a  measure  of  the  exci- 
ton-exciton  interaction  strength.  =  is 

the  density  independent  contribution  to  the  ho¬ 
mogeneous  linewidth  and  includes  all  residual 
interactions  of  the  excitons  with  acoustic  phonons, 
impurities,  interfaces  and  alloy  fluctuations.  Fit¬ 
ting  Eq.  ( 1 )  to  our  data  yields  an  exciton-exciton 
interaction  strength  of  0.16  and  a  density  inde¬ 
pendent  contribution  of  0.35  meV  at  4.2  K.  The 
value  of  y„  is  nearly  one  order  of  magnitude 
smaller  than  the  one  reported  by  Honold  et  al. 
for  a  12  nm  GaAs  QW  [12].  Since  the  differences 
in  exciton  parameters  (rjy.  E^^)  are  already  taken 
into  account  in  Eq.  (1).  we  expect  y„  to  be 
similar  in  different  materials.  Slight  differenees 
can  be  partly  attributed  to  the  different  screening 
of  the  Coulomb  potentials  between  excitons,  i.c. 
due  to  the  different  dielectric  constants  of  both 
the  well  and  the  barrier  materials.  In  addition.  y„ 
will  also  be  modified  by  localization  (for  localized 
excitons  a  smaller  y.^,  is  expected).  However, 
assuming  localization  is  in  contradiction  to  the 
temperature  dependent  TFWM  re.sults.  since  the 
observed  linear  temperature  dependence  is  con¬ 
sistent  with  the  interaction  between  free  excitons 
and  single  acoustic  phonons  [10].  This,  however, 
was  also  found  in  another  II-VI  QW  system 
(CdZnTe/ZnTc)  by  .Stanley  [13].  Nevertheless, 
this  point  is  not  yet  fully  understood  and  further 
work  is  definitely  needed. 

Since  we  have  measured  both  the  interaction 
strength  for  cxciton-acoustic  phonon  and  exci- 
ton-excit(»n  scattering,  we  are  now  able  to  deter¬ 
mine  the  contribution  to  due  to  the  residual 
extrinsic  scattering  processes,  e.g.  alloy,  interface 
and  impurity  scattering,  which  often  depend  on 
growth  conditions.  Hence  I'iT  =  0:  «,  =  ())  might 
be  considered  as  a  measure  for  the  structural 
quality  of  the  sample.  By  extrapolating  the  data 
to  zero  temperature  and  zero  density  we  find 
/  h„n/  '^  =  0;  n,  =  0)  =  0.28  mcV.  which  is  a  factor 
of  2.5  larger  than  the  value  reported  for  GaAs 
QWs  [y].  Spin  scattering  between  the  cxciton  spin 
and  the  spin  of  the  manganese  ions  in  the  semi- 
magnetic  barrier  may  contribute  to  ['(T  =  ();  n,  = 
0);  however,  further  careful  study  is  required  to 
investigate  the  role  of  this  spin-spin  interaction. 


Fig.  6.  TFWM  signal  (solid  line)  detected  under  simultaneous 
excitation  of  the  heavy-  and  light-hole  excitons.  The  dashed 
line  is  a  fit  to  the  data,  which  provides  the  energy  splitting  and 
the  dephasing  times  of  the  two  transitions  involved  in  the  beat 
phenomena. 


The  primary  contribution  to  this  difference  is 
probably  due  to  the  different  structural  quality. 

For  the  TFWM  experiments  described  above, 
the  exciting  laser  was  tuned  well  below  the  hh 
resonance  in  order  to  excite  only  the  hh  exciton. 
Tuning  the  laser  center  frequency  (spectral  width 
22  meV)  to  higher  energies  between  the  hh  and 
Ih  resonance,  both  transitions  are  excited  simulta¬ 
neously.  This  results  in  the  appearance  of  a  peri¬ 
odic  modulation  in  the  TFWM  signal,  as  shown 
in  Fig.  6  (solid  line),  which  is  attributed  to  quan¬ 
tum  beats  between  the  Is  hh  and  Is  Ih  [14].  By 
analyzing  the  temporal  dependence  of  the  TFWM 
signal,  both  the  energy  splitting  J£  =h/Ty^  (T,, 
is  the  beat  period)  between  the  respective  transi¬ 
tions  and  their  dephasing  times  can  be  obtained. 
A  fit  to  the  oKserved  data  is  shown  in  Fig.  6  by 
the  dashed  line  and  yields  an  energy  splitting  of 
12  meV,  in  rea.sonable  agreement  with  the  .split¬ 
ting  in  the  PEE  [15].  The  dephasing  times  for  the 
hh  and  Ih  excitons  are  found  to  be  1.90  +  0.1)5  ps 
for  the  hh  and  0.4  +  0.1  ps  for  the  Ih,  i.e.  the  Ih 
cxciton  dephases  approximately  4-5  times  faster 
than  the  hh  exiton.  This  shorter  dephasing  time 
of  the  Ih  exciton  is  attributed  to  scattering  be¬ 
tween  the  cxcitonic  Is  Ih  state  and  the  nearly 
degenerate  2s  hh  exciton  state. 


R.  Hellmann  et  al  /Journal  of  Crystal  Growth  US  ( I  791  -  795 


795 


4.  Summary 

In  summary,  we  have  performed  transient 
four-wave-mixing  experiments  to  study  the  scat¬ 
tering  processes  contributing  to  the  dephasing 
of  heavy-  and  light-hole  excitons  in  CdTe/ 
Cd,ixhMn„  ijTe  multiple  quantum  wells.  We  find 
dephasing  times  for  the  heavy-hole  excitons  on 
the  order  of  2  ps,  corresponding  to  a  homoge¬ 
neous  linewidth  of  0.65  meV  at  5  K  and  moderate 
exciton  density.  Comparison  with  exciton  life¬ 
times  demonstrates  that  the  dephasing  of  the 
heavy-hole  excitons  is  solely  determined  by  scat¬ 
tering  and  not  affected  by  recombination.  Tem¬ 
perature  and  density  dependent  measurements  of 
the  homogeneous  linewidth  of  the  heavy-hole  ex¬ 
citons  allow  the  extraction  of  the  interaction 
strength  for  exciton-acoustic  phonon  and  exci- 
ton-exciton  scattering,  as  well  as  the  contribution 
due  to  residual  scattering  processes.  In  compari¬ 
son  with  GaAs  QWs  we  found  a  stronger  exci¬ 
ton-acoustic  phonon  coupling  and  a  weaker  exci- 
ton-exciton  interaction.  The  contribution  to  the 
homogeneous  linewidth  due  to  the  residual,  ex¬ 
trinsic  scattering  processes  is  slightly  larger  than 
in  GaAs.  Quantum  beat  spectroscopy  enabled  us 
to  determine  the  dephasing  time  of  the  light-hole 
exciton.  which  has  been  found  to  be  4-5  times 
shorter  than  the  heavy-hole  exciton  dephasing 
time.  This  faster  dephasing  is  attributed  to  scat¬ 
tering  between  the  Is  light-hole  exciton  state  and 
the  2s  heavy-hole  state. 
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Abstract 

Wc  have  studied  the  electronic  structure  of  strained-layer  ZnSc/ZnS  supcriattices  by  using  two  kinds  of 
two-photon  spectroscopy:  two-photon  absorption  spectroscopy  and  resonant  second-harmonic  generation.  The 
exciton  binding  energy  is  found  to  exhibit  a  blue  shift  as  compared  to  the  bulk  value  due  to  the  exciton  confinement 
effect.  Based  on  the  observed  subband  energies,  we  derive  a  conduction-band  offset  of  70  meV  and  a 
valence-band  offset  of  ^  8(K)  meV. 


1.  Introduction 

Wide  band  gap  II-VI  semiconductor  het- 
erostructures  are  becoming  more  and  more  im¬ 
portant  as  prospects  for  utilizing  these  materials 
in  a  variety  of  optoelectric  device  applications.  In 
particular,  ZnSe-based  heterostructures  are  po¬ 
tentially  u.seful  for  such  devices  as  blue-emitting 
diodes  and  blue  injection  lasers.  As  compared  to 
the  case  of  GaAs-based  quantum-well  structures, 
however,  less  background  knowledge  is  available 
for  this  structure.  In  this  paper,  we  apply  two- 
photon  spectroscopy,  i.e.,  two-photon  absorption 
(TPA)  spectroscopy  (1,2]  and  resonant  second- 
harmonic  generation  (SHG)  [1,3],  to  the  study  of 
electronic  structure  of  ZnSc/ZnS  strained-layer 
superlattices  (SLSs).  The  TPA  and  resonant  SHG 
provide  detailed  information  about  the  funda¬ 
mental  electronic  structure  of  the  superlattices, 
which  cannot  be  obtained  by  means  of  linear 
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spectroscopic  techniques.  We  determine  the  en¬ 
ergy  of  the  1S-2P  .splittings  of  heavy-hole  (hh) 
and  light-hole  (Ih)  excitons,  exciton  binding  ener¬ 
gies,  and  conduction-  and  valence-band  offsets  in 
the  ZnSe/ZnS  superlattices. 


2.  Theoretical  background 

The  TPA  in  bulk  ZnSe  has  been  shown  to 
result  predominantly  from  transition  terms  which 
are  described  in  the  framework  of  a  two-band 
model  [Ij.  In  this  model,  allowed  two-photon 
transitions  occur  to  final  P-cxciton  states  via  dis¬ 
crete  S-exciton  states  as  intermediates.  The  low- 
est-energy  final  state  is  then  the  2P  exciton.  In 
ZnSe/ZnS  supcriattices,  one  must  distinguish 
between  £  II  z  and  E  ±z  polarization  configura¬ 
tions  because  of  the  different  .selection  rules  [2]. 
For  £  X  z,  the  situation  is  not  so  different  from 
the  bulk  case.  The  onset  of  TPA  cKcurs  when 
twice  the  incident  photon  energy.  2  ft  to.  is  equal 
to  the  hhl-cl  band  edge.  Wc  use  hereinafter  the 
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notation  hhi-cj  and  Ihi-cj  for  the  optical  transi¬ 
tions,  where  hh  (Ih)  refers  to  the  heavy  (light) 
hole,  and  i  (j)  is  the  hole  (electron)  subband. 
Including  the  exciton  effect,  the  lowest-energy 
state  reached  is  the  2P  state  of  the  hhl-cl  exci- 
tons  as  in  the  bulk  case.  For  E  ||  z,  the  TPA 
spectra  differ  greatly  from  those  of  the  bulk  crys¬ 
tal.  reflecting  subband  quantization.  The  onset  of 
two-photon  transition  occurs  at  the  lh2-cl  or 
Ihl-c2  transition,  which  is  higher  in  energy  than 
the  hhl-cl  transition.  (The  hh2-cl  transition  is 
forbidden  because  for  £  II  z  the  interband  transi¬ 
tion  is  not  allowed  between  heavy-hole  and  con¬ 
duction  bands.) 

The  forbidden  SHG  signal  is  found  to  be  en¬ 
hanced  drastically  when  twice  the  incident  pho¬ 
ton  energy  is  resonant  with  the  excitation  energy 
of  a  2P  exciton  in  semiconductors  [3,4].  The  po¬ 
larization  selection  rules  of  the  resonant  SHG  is 
the  same  as  those  for  the  TPA.  Further,  resonant 
behavior  of  the  SHG  signal  can  be  also  observed 
at  the  IS  exciton  energy  [3,4],  From  the  resonant 
SHG  data  alone,  therefore,  we  can  obtain  infor¬ 
mation  on  the  IS  and  2P  exciton  states. 

In  ZnSe/ZnS  SLS  grown  on  a  [001]-oriented 
substrate,  the  strain  tensors  corresponding  to 
ZnSe  or  ZnS  layers,  are  given  by  e,,  =  (U|| 

-n„)/(7,„  e,,=  -2e,,C,,/C,|.  e„,  =  e,,  =  c,,= 
0  [3,6],  where  a,!  is  the  in-plane  lattice  constant  of 
the  supcriattice,  a,,  is  the  lattice  constant  of  bulk 
ZnSe  or  ZnS,  and  C„  are  the  elastic  stiffness 
constants.  Due  to  the  in-plane  biaxial  strain,  the 
fourfold  valence  band  splits  into  two  doubly 
degenerate  bands,  i.e.,  hh  U.-  ±3/2)  and  Ih 
(J.  =  ±  1/2)  bands.  As  a  function  of  the  biaxial 
strain  e,,,  the  energy  separations  between  the 
conduction  and  valence  bands  are  given  by  [5,6] 

J£hh  ~  [2n(  1  -  C  12/C  1 1 ) 

-6(1 +2C,2/Cn)]e...  (D 

J£„s[2a(l  -C,2/C„) 

+  6(1  +2C,2/C„)]e„.  (2) 

where  a  and  6  refer,  respectively,  to  the  hydro¬ 
static  and  shear  deformation  potentials  appropri¬ 
ate  to  tetragonal  distortion.  In  addition  to  the 
strain-induced  renormalization  of  the  energy 


bands,  electron  and  hole  confinement  also  causes 
the  transition  energies  to  move  higher  energies. 
The  confinement  energies  are  calculated  by  using 
the  modified  Kronig-Penney  model  [7]. 


3.  Experimental  procedure 

The  ZnSe /ZnS  superlattices  .studied  here  were 
grown  on  a  (001)  GaAs  substrate  without  buffer 
layers  by  hot  wall  epitaxy  (HWE).  The  experi¬ 
mental  data  were  obtained  from  two  samples:  an 
SLS  consisting  of  1 200  periods  of  20  A  ZnSe  and 
18  A  ZnS  layers,  and  an  SLS  composed  of  IKK) 
periods  of  15  A  ZnSe  and  40  A  ZnS.  The  actual 
structural  configuration  of  the  sample  has  been 
assessed  by  high-resolution  double  crystal  X-ray 
diffraction.  The  incident  laser  beam  was  propa¬ 
gated  normal  to  the  epitaxial  growth  direction,  z. 
so  that  either  the  £  ||  z  or  £  X  z  polarization 
configuration  was  possible  [3].  The  samples  were 
directly  immersed  into  liquid  helium  pumped  to  2 
K.  The  excitation  source  was  a  home-made 
Ti  ;  sapphire  laser  pumped  by  a  CW  Q-switched. 
intracavity  frequency-doubled  Nd :  YAG  laser  op¬ 
erating  at  6  kHz.  The  Ti: sapphire  laser  had  a 
tuning  range  from  700  to  UKK)  nm,  a  pulse  dura¬ 
tion  of  30  ns  and  an  average  output  power  of 

100  mW.  The  tuning  accuracy  of  the  Ti: sap¬ 
phire  laser  was  about  1  A,  corresponding  to  ^  0.3 
meV  uncertainty  in  the  energy  determination  of 
26  a).  The  TPA  signals  were  monitored  via  the 
luminescence  from  IS  free  excitons  (two-photon 
excitation  spectroscopy).  The  luminescence  and 
scattered  light  were  dispersed  with  a  monochro¬ 
mator  and  detected  by  a  gated  optical-multichan¬ 
nel  detector.  The  spectral  resolution  of  the  pre¬ 
sent  measurement  is  mainly  limited  by  the 
linewidth  of  the  tunable  Ti :  sapphire  laser. 


4.  Results  and  discussion 

In  Fig.  1,  we  show  the  TPA  spectra  obtained 
from  20  A  ZnSe/ 18  A  ZnS  sample.  For  experi¬ 
mental  points  indicated  by  open  circles,  the  po¬ 
larization  vector  of  the  la.ser  beam  is  cho.sen 
parallel  to  z.  The  filled  circles  are  obtained  for 
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Fig.  1.  Two-photon  absoiption  spectra  of  the  20  A  ZnSe/IK 
A  ZnS  superlattice  for  the  E  i  z  (•)  and  EWz  (o)  configura¬ 
tions. 


Fig.  2.  SHG  intensities  from  the  20  A  ZnSe/i8  A  ZnS 
superlallice  as  a  function  of  2hu)  for  ,i(.vv.unp)r  (•)  and 
.v(zz,  unp)-  (o)  configurations. 


E  xz.  In  the  E  ±z  configuration,  the  TPA  pro¬ 
cess  involves  final  2P  excited  states  for  the  hhl-cl 
and  Ihl-cl  excitonic  transitions.  For  fc’llz.  the 
TPA  enhancement  is  observed  around  Iho)  =  3.05 
eV,  which  has  a  resemblance  to  the  one-photon 
exciton  absorption  feature.  Taking  into  account 
the  polarization  selection-rules  and  the  small 
conduction-band  offset  between  ZnSe  and  ZnS 
[6.10],  this  feature  can  be  assign  to  the  transition 
between  the  Ihl  and  the  conduction-band  contin¬ 
uum  .states.  At  higher  energies,  we  can  find  other 
two  peaks:  IS  cl-hh2  peak  at  3.175  cV  and  2P 
c2-hh2  peak  at  3.249  eV. 

Variation  of  the  SHG  intensity  with  2fiw.  i.e., 
the  excitation  spectrum  for  SHG,  is  shown  in  Fig. 
2.  No  correction  due  to  reabsorption  of  the  signal 
was  made  for  simplicity.  For  £12.  four  peaks 
exist  strikingly  in  the  energy  region  concerned. 
The  second  and  fourth  lowest  peaks  in  the  excita¬ 
tion  spectrum  can  be  easily  identified  as  appear¬ 
ing  as  a  result  of  resonance  with  the  2P  excitons. 
The  first  and  third  peaks  at  2.917  and  2.985  eV, 
which  have  a  corresponding  feature  in  the  one- 
photon  absorption  spectrum,  are  attributable  to 
IS  hhl-cl  and  Ihl -cl  free  exciton  transitions, 
respectively. 

From  the  measured  energy  splitting  between 
the  IS  and  2P  excitons,  we  can  estimate  the 
exciton  binding  energy.  The  binding  energies  arc 
found  to  be  38  ±  2  and  44  ±  2  meV  respectively 


for  the  hh  and  Ih  excitons.  There  is  a  significant 
increase  in  the  binding  energy  in  our  sample,  as 
compared  to  that  in  bulk  ZnSc  (  ~  20  meV).  This 
increase  will  be  caused  by  the  exciton  confine¬ 
ment  effect.  An  appreciable  difference  in  the 
binding-energy  between  the  hh  and  Ih  excitons 
can  be  detected,  as  the  effective  mass  theory 
predicted  [8.9], 

Similar  results  have  been  obtained  in  the  case 
of  the  15  A  ZnSc/4()  A  ZnS  SLS.  The  TPA 
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Fig.  .1.  (a)  One-photon  phololumincscence  excitation  spec¬ 
trum  of  the  \5  A  ZnSe/  M)  A  ZnS  superlattice.  (b)  Two-pho¬ 
ton  absorption  spectra  of  the  I.S  A  ZnSe/40  A  ZnS  superlat¬ 
tice  for  the  £  1  z  (•)  and  £ II z  (  ')  configurations. 
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Fig.  4.  Band  lineups  of  the  20  A  ZnSe/  IS  A  ZnS  sirained-laycr 
supcrlattice.  The  hea\’y-  and  light-hole  valence  bands  are 
represented  by  solid  and  dashed  lines,  respectively. 


discontinuity  in  the  center  of  gravity  of  the  hh 
and  Ih  bands  is  ~  795  mcV.  The  in-plane  lattice 

o 

constant  Uj  is  -5.62  A  and  e,,  is  calculated  to 
be  -  0.8^,  which  agrees  approximately  with  the 
value  of  If^  estimated  from  Raman  scattering. 
The  lattice  constant  a.,  is  larger  than  that  (  ~  5.51 
A)  predicted  in  the  case  of  a  free-standing  super¬ 
lattice  [5,6],  This  means  that  the  a  is  still  af¬ 
fected  by  the  substrate  even  in  thick  samples.  As 
for  the  15  A  ZnSe/4()  A  ZnS  SLS,  e,,  is  calcu¬ 
lated  to  be  ~  l^f  and  the  strain-induced  splitting 
between  the  hh  and  Ih  bands  becomes  -  52  meV 
in  the  ZnSe  layers. 


5.  Concluding  remarks 


spectra  for  this  SLS  are  presented  in  Fig.  .5.  The 
two  broader  peaks  in  the  £  J.  z  spectrum  come 
from  the  2P  hhl-cl  and  Ihl-cl  excitonic  transi¬ 
tions.  The  TPA  enhancement  around  2ho)  =  .'<.18 
eV  in  the  £  |l  z  spectrum  is  due  to  the  transition 
between  the  Ihl  and  the  conduction  band  contin¬ 
uum  states.  The  resonant  SHG  signal  could  not 
be  observed  clearly  in  this  sample  because  of 
smaller  ZnSe  volume  and  larger  inhomogeneous 
broadening.  Instead  of  the  SHG  data,  the  one- 
photon  excitation  spectrum  is  shown  in  the  fig¬ 
ure.  Two  IS  exciton  peaks  can  be  observed  in  the 
one-photon  spectrum.  It  is  found  from  these  data 
that  the  binding  energies  arc  45  ±  2  and  51+2 
meV. 

A  careful  comparison  between  the  observed 
subband  splittings  and  those  from  the  Kronig- 
Penney  calculations  using  the  lattice  constant  a,, 
as  an  adjusting  parameter  reveals  the  band  line¬ 
ups  in  the  superlatticc.  The  line-ups  for  the  20  A 
ZnSe/ 18  A  ZnS  SLS  we  propose  arc  illustrated 
in  Fig.  4.  The  conduction-band  off  T-t  is  estimated 
to  be  -  70  meV.  The  strain-induced  splitting 
between  the  hh  and  Ih  bands  becomes  42  meV 
in  the  ZnSe  layers.  It  is  thus  found  that  one-third 
of  the  hh-lh  splitting  (  -  70  meV)  is  attributable 
to  quantum  confinement  effects.  The  discontinu¬ 
ities  in  the  hh  and  Ih  bands  at  the  interface  are 
880  ±  10  and  710+10  meV.  respectively.  The 


We  have  shown  that  two-photon  absorption 
spectroscopy  and  resonant  SHG  can  yield  crucial 
information  on  electronic  structures  of  ZnSe /ZnS 
strained-layer  superlattices.  These  methods  have 
improved  the  accuracy  in  determination  of  exci¬ 
ton  binding  energy  and  band  offsets  in  the 
strained-layer  superlattices.  It  should  be  interest¬ 
ing  to  apply  this  method  for  other  strained-layer 
superlattices,  such  as  CdS/ZnS  supcriattices. 
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Abstract 

With  the  technique  of  nonlinear  quantum  beat  spectroscopy  (NOBS),  based  on  time-integrated,  spectrally 
resolved  four-wave  mixing,  the  nonlinearitics  of  bie.xcitons  ItKalized  at  neutral  acceptor  sites  in  CdSe  are  investi¬ 
gated.  The  NOBS  offers  the  possibility  to  distinguish  between  quantum  beats  from  a  three-level  system  and 
polarization  interference  from  independent  two-level  systems.  The  liK'alizcd  biexeiton  states  are  discussed  in  analogy 
with  excited  states  of  holes  in  neutral  donor  complexes. 


1.  Introduction 

Nonlinear  quantum  beat  spectroscopy  (NOBS) 
has  in  recent  years  turned  out  to  be  an  important, 
ultrafast  technique  applicable  to  semiconducting 
compounds  and  structures.  Close-lying  excitonic 
transitions  have  been  investigated  using  lasers 
with  pul.se  lengths  in  the  pico.second  or  subpi- 
cosecond  regime,  which  is  shorter  than  the  de¬ 
phasing  times  T;  of  the  excited  states.  Particu¬ 
larly  are  studied  beat  phenomena  in  GaAs  multi¬ 
ple  quantum  wells  [1-.^].  but  also  in  bulk  semi- 
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conductors  [4„S],  This  field  of  ultrafast  laser  spec¬ 
troscopy  has  recently  been  reviewed  by  Pantke 
and  Hvam  [6], 

Our  NOBS  is  based  on  four-wave  mixing 
(FWM)  in  which  a  laser  beam  of  ultrafast  pulses 
is  split  into  two  beams  with  wavcvectors  ft,  and 
A,.  The  nonlinear  FWM  signal  is  detected,  time- 
integrated.  in  the  background-free  direction  2k, 
-*i.  as  a  function  of  the  delay  t  between  the 
pulses  in  the  two  beams.  The  correlation  trace 
will  appear  either  as  a  free  polarization  decay  or 
as  a  photon  echo  with  intensity 
/(())  e  '  depending  on  whether  the  transition  is 
homogeneously  ((  =2)  or  inhomogeneously  (c  = 
4)  broadened,  respectively,  where  y  =  I /T,  [7].  If 
nearly  degenerate  multilevel  systems  are  simulta¬ 
neously  and  coherently  excited  by  the  same  ultra- 
short  laser  pulse,  the  correlation  trace  may  addi¬ 
tionally  be  modulated  by  the  difference  frequency 
Su>  between  the  levels  [l-,4„S].  i.e.  as 

^Wm(’’)  =A,v,(’’)[1  +  COS(  Ja)T  4-  <A)]. 

(I) 
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where  the  deeays  of  the  average  intensity 
and  of  the  modulation  amplitude  IJ^t)  are  gov¬ 
erned  by  the  dephasing  rates  y,  of  the  individual 
transitions.  The  phase  of  the  modulation  is  speci¬ 
fied  by  d). 

Two  methods  have  been  described  to  distin¬ 
guish  whether  or  not  the  underlying  microscopic 
systems  are  coupled.  Koch  et  al.  [8]  time-resolve 
the  FWM  signal  by  cross  correlation  with  a  third, 
delayed  laser  beam  and  observe  the  modulation 
in  real  time  for  different  delays  between  the  two 
incident  beams.  In  the  (f,  t)  domain  they  distin¬ 
guish  between  polarization  interferences  (PI)  and 
quantum  beats  (OB)  by  identifying  signal  trajec¬ 
tories  at  it  -2t)  and  it  -  -  respectively.  Alter¬ 
natively,  our  group  [0]  spectrally-resolve  the  FWM 
signal  with  a  spectrometer.  By  this  method,  the 
distinction  is  made  in  the  (ta,  t)  domain  analysing 
the  modulation  amplitude  /„,  and  phase  4).  as  a 
function  of  the  detected  frequency  around  one  of 
the  resonances.  As  we  shall  see  in  the  following, 
the  most  distinct  signature  is  a  phase  shift  of  it 
passing  through  a  resonance,  in  the  case  of  polar¬ 
ization  interferences,  which  is  absent  in  the  case 
of  quantum  beats. 

In  a  highly  excited  semiconductor,  biexcitons 
may  form,  and  possibly  bind  to  impurity  centres 
to  form  multi-cxciton  complexes.  Such  complexes 
were  first  observed  in  indirect-gap  semiconduc¬ 
tors.  e.g.  silicon  [10.11].  germanium  [12]  and  sili¬ 
con  carbide  [1.1].  Later,  observations  in  the  direct- 
gap  semiconductors  GaAs  [14].  CdTe  [l.'i]  and, 
recently,  CdS  [16]  followed. 

Using  the  NOBS  technique,  we  study  the  pres¬ 
ence  of  localized  biexciton  states  A"M  as.siKiated 
with  neutral  acceptor  sites  A"  in  the  11-VI  .semi¬ 
conductor  CdSc.  Together  with  the  one-exciton 
states  A"X.  the  A"M  states  form  a  cascaded 
three-level  system  in  which  the  intermediate  state 
A"X  is  shared  by  the  ground  state  to  exciton 
(A"-A"X)  transition  and  the  exciton  to  biexciton 
(A"X-A"M)  transition. 

The  observed  quantum  beats  are  distinguished 
from  beats  arising  from  polarization  interference 
between  different  impurity  bound  excitons,  which 
could  be  detected  as  well.  To  see  the  difference 
between  the  cascaded  three-level  system  and  the 
independent  two-level  systems,  we  find  the  spec¬ 


tral  dependence  of  the  FWM  signal  by  solving  the 
Bloch  equations  and  calculating  the  third  order 
nonlinear  polarization  t)  [7.17.18].  The 

.spectrally  resolved  signal  F''’(w,  -)  is  then  the 
Fourier  transform  of  r). 


2.  Theory  for  polarization  interference  and  quan¬ 
tum  beat 


Denoting  the  complex  transition  frequencies 
=  u>^  -  (i>„  -  iy^  (;=I,2)  for  two  indepen¬ 
dent  two-level  systems,  and  assuming  Fourier  lim¬ 
ited  pulses  having  a  spectral  width,  which  is  much 
.smaller  than  o),  and  w,  and  much  larger  than 
I  tK,  -  a>|  I,  the  third  order  nonlinear  polarization 
is  expressed  by  [18] 


/?,  e 


fill,  u> 


-  +  -  , 

i'i  li) 


(2) 


where  =  2N,Af,'‘  with  dipole  moment  M,.  N,  is 
a  function  of  the  incident  fields,  the  spectral 
overlap  with  resonance  and  the  concentration 
of  two-level  centres  of  type  /.  The  nonlinear 
signal  is  proportional  to  the  absolute  square  of 
the  polarization  in  Eq.  (2).  yielding  an  expression 
as  in  Eq.  (1).  The  beat  signal  involves  the  cross- 
product  in  Eq.  (2),  i.e.  both  resonance  denomina¬ 
tors,  giving  rise  to  the  phase  shift  of  -  and  the 
minimum  of  /„,  in  resonance.  No  signal  is  present 
for  negative  delay,  r  <  0,  i.e.  when  pulse  #1  ar¬ 
rives  before  pulse  #2. 

Similarly,  for  a  cascaded  three-level  system, 
considering  positive  delay  r  >  0,  the  third  order 
nonlinear  polarization  is  expressed  by  [18] 


/?!  e''^'- 
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fi|i|-a> 


R,  e'"-""  +  0:1 
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with  0,^  =  Squaring  Eq.  (.1).  we  find  a 

nonlinear  signal,  again  on  the  form  of  Eq.  (1), 
where  no  phase  shift  and  only  a  slight  change  of 
is  found  when  w  moves  through  the  reso¬ 
nance.  A  signal  is  also  present  for  negative  delay 
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(t  <  0)  which,  however,  does  not  show  any  modu¬ 
lations  [18]. 


3.  Experimental  setup  and  technique 

We  use  pulses  generated  by  a  mode-locked 
argon-ion  laser  pumping  synchronously  a  tunable 
dye  laser  (DCM)  with  a  repetition  rate  of  82  MHz 
and  a  pulse  coherence  time  of  less  than  500  fs  [5]. 
The  experiments  are  performed  at  2  K. 

In  the  experiments,  we  spectrally  resolve  the 
nonlinear  signal  from  the  region  below  the  lowest 
free  exciton  (A„^,  at  1.8251  eV).  In  this  region, 
we  find  the  A"X  impurity  complex  (1,  with  bind¬ 
ing  energy  8.3  meV)  and  the  neutral  donor  com¬ 
plex  D'’X  (1,  with  binding  energy  3.4  meV). 
Recording  the  nonlinear  signal  for  zero  delay 
(t  =  0)  as  shown  in  Fig.  1,  the  resonance  en¬ 
hancement  around  the  1,  and  I,  resonances  is 
evident.  The  exciting  laser  was  centred  near  the 
I,  complex  (sec  Fig.  1).  Around  the  1,  complex, 
two  lines,  denoted  I^*  (at  1.8212  eV)  and  (at 
1.8223  eV).  are  pre.senf  in  addition.  These  lines 
are  very  difficult  to  observe  in  other  experiments, 
e.g.  in  a  luminescence  experiment  (see  Fig.  1). 
After  band-to-band  excitation,  the  lines  appeared 
only  at  high  excitation  as  weak  shoulders  on  the 


Fig.  I,  Luminescence  after  band-to-banil  excitation  (dashed 
curve),  the  nonlinear  signal  from  a  FWM  process  (solid  curve) 
for  zero  delay  r  =  0.  and  the  excitation  profile  for  the  nonlin¬ 
ear  signal  (dolled  curve). 


Fig.  2.  Polarization  interferences  detected  near  the  I  -  reso¬ 
nance;  (a)  calculation  after  tlq.  (2)  with  (ij(u  =  4.,s  meV. 
•yi  =  ().  Ay,  =  ().(),t  meV'.  and  /?,//?,=  I.fi.  and  (h)  experi¬ 
ment.  The  different  frequency  components  are  separated  by 
Aa>  =  Alta  —  <a,  .)/().0H  meV'. 

high  and  low  energy  side  of  the  1,  luminescence 
peak,  respectively. 

We  will  show  in  the  following  that  the  lines  ij*' 
and  1  arc  associated  with  biexciton  states  local¬ 
ized  at  neutral  acceptor  sites  by  observing  the 
modulated  nonlinear  signal  near  the  I;  complex, 
as  a  function  of  time  delay  t. 


4.  The  exciton-biexciion  system 

In  CdSe,  beats  between  different  impurity 
bound  cxcitons  have  earlier  been  identified  [5]. 
An  example  is  shown  in  Fig.  2b  from  a  sample 
with  pronounced  1,-1  ^  beats.  A  phase  shift  of 
nearly  v  and  a  minimum  in  are  observed 
around  the  1,  line,  as  compared  with  theory  in 
Fig.  2a.  giving  evidence  of  polarization  interfer¬ 
ence.  To  .study  the  lines  1^  and  a  sample 
with  very  short  dephasing  time  of  the  1 ,  excitons 
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was  selected.  In  this  case  the  nonlinear  signal 
showed  only  a  few  beats.  At  the  and  1^  lines, 
however,  pronounced  oscillations  could  be  ob¬ 
served.  The  line  has  a  modulation  period  of 
7(1^’)  =  750  fs  (see  Fig.  3b)  corresponding  to  the 
1,-1^’  splitting  of  5.4  meV,  whereas  the  line 
has  a  modulation  period  of  7(1  )  =  950  fs  (see 

Fig.  .3c)  corresponding  to  the  splitting  of 

4.3  meV.  At  both  lines,  no  phase  shift  and  only  a 
slight  change  of  modulation  amplitude  are  ob¬ 
served,  suggesting  that  the  beating  states  belong 
to  the  same  quantum  system,  as  calculated  in  Fig. 
3a. 

Additional  experiments  were  performed  to  give 
further  evidence  of  the  localized  biexciton.  In 
direct  two-photon  excitation,  as  sketched  in  Fig. 


Fig.  .t.  Ouiintum  heals  ilelcctcd  in  the  1^  and  lines:  (a) 
ealculalion  after  tq,  (.t)  with  fiA<u  =  5A  mcV.  /lyj  =  fty- =- 
(l.l  I  meV.  (b)  experiment  delected  in  and  (c)  experiment 
delected  in  I  .  The  different  frequency  components  are 
separated  by  i5a)  =  fi(w  -  iD^nl/O.Oh  meV.  wri  s  =  “'ipM  - 


et- 


Fig.  4.  Level  scheme  for  the  hound  exciton-biexciton  system 
with  (I)  the  excitation  via  the  exciton  and  (2)  the  direct 
two-photon  excitation  via  a  virtual  state.  f)n  the  left  are 
shown  the  electronic  configurations. 


A°X 


4,  i.e.  with  photon  energy  -F 

the  1^  line  is  detected  in  luminescence.  The 
spectral  width  of  the  laser  was,  for  this  experi¬ 
ment,  reduced  to  0.3  meV  by  introducing  an 
etalon  in  the  laser  cavity.  The  two-photon  absorp¬ 
tion  to  the  state  was  evident,  as  the  lumines¬ 
cence  intensity  was  strongly  dependent  on  small 
shifts  of  the  laser  around  a>Tp,v  This  experiment 
demonstrated  clearly  the  biexciton  nature  of  the 
1^’  line.  Similarly  for  the  line. 

In  the  following,  we  discuss  the  structure  of 
the  biexciton  complex  in  analogy  with  the  excited 
states  of  holes  in  neutral  donors.  For  the  A'’M 
complex,  the  immobile  negatively  charged  impu¬ 
rity  centre  with  the  two  surrounding  holes  (dashed 
circle.  Fig.  4)  can  be  thought  of  as  an  immobile 
positively  charged  centre.  The  overall  complex  is 
thus  analogous  to  an  cxciton  bound  at  a  neutral 
donor  (D"X)  with  the  difference  that  only  two 
holes  can  be  in  the  IS  ground  state,  due  to  the 
Pauli  exclusion  principle.  The  third  hole  must 
therefore  be  in  an  excited  state.  I  he  existence  of 
excited  state  holes  for  a  D"X  complex  wa, 
demonstrated  theoretically  for  hexagonal  11-VI 
semiconductors  and  experimentally  in  CdS  by  Puls 
ct  al.  [19]  The  excitation  of  the  A"M  complex 
follows  the  optical  transitions 

A"X-Ffi<p-*  A"M  or  2fi<o-»A'’M.  (4) 

which  show  the  transitions  from  an  excited  neu¬ 
tral  acceptor  A"X  to  the  biexciton  A"M  and  the 
two-photon  transition  to  the  biexciton  A"M.  Cal- 
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culating  the  energy  of  the  corresponding  photon 
tid}.  it  is  noticed  that  the  annihilation  of  one  of 
the  excitons  in  the  complex  releases  an  energy 

=  + Ji',  (3) 

where  is  the  band  gap,  R  is  the  exciton 
Rydberg,  is  the  binding  energy  of  an  exciton 
bound  to  a  neutral  donor  type  centre,  and  AE  is 
the  energy  difference  between  the  2P  (or  .3D)  and 
IS  states  of  the  hole.  These  considerations  show 
that  the  emission  line  from  ij"’  dj'’  )  is  found 
close  to  the  K  line.  As  no  excited  states  of  an 
exciton  A'’X  are  possible  [19],  the  two  lines  If'* 
and  If''  are  thus  attributed  to  two  different  states 
of  the  excited  hole,  split  by  1.1  meV. 


5.  Conclusion 

In  this  paper  we  have  applied  the  technique  of 
nonlinear  quantum  beat  spectroscopy  to  study 
biexcitons  localized  at  neutral  acceptor  sites  in 
CdSe.  The  biexciton  forms  together  with  one 
exciton  at  the  same  neutral  acceptor  site  a  three- 
level  system.  In  such  a  system  no  phase  shift  of 
the  spectrally  resolved  nonlinear  signal  is  found 
when  the  detected  frequency  is  scanned  through 
the  resonance,  as  predicted  by  theory.  Making  an 
analogy  with  excited  holes  of  neutral  donor  com¬ 
plexes.  the  energy  (.)f  the  biexciton  complexes  is 
expected  to  be  close  to  the  I-,  as  found  experi¬ 
mentally. 
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Abstract 

Wc  study  coherent  transient  phenomena  of  excitons  using  femtosecond  timc-rcsoivcd  four-wave  -il'ing  (TR- 
FWM)  in  two  types  of  high  quality  thin  films  of  ZnSe:  one  is  a  homo-epitaxial  film  (1.2  /xm  thickness)  and  the  other 
is  a  very  thin  (50  nm)  hetero-epitaxial  film  on  GaAs  substrate.  Free  induction  decay  (FID)  bchavioi  of  the 
third-order  polarization  is  clearly  observed.  We  obtained  the  same  values  of  exciton  d  nhasing  time  from  the 
temporal  measurements,  the  decay  time  of  FID.  and  the  frequency  domain  measurements,  analyses  of  rellection 
spectra.  This  implies  that  the  excitons  in  ZnSe  films  are  homogeneous.  In  the  thin  film  sample,  wc  observe  a  beat 
signal  in  time-integrated  and  time-resolved  FWM.  Based  on  the  perturbational  calculation,  we  conclude  that  the 
beat  originates  from  the  quantum  interference  of  heavy-  and  light-hole  excitons. 


1.  Introduction 

The  development  of  tunable  short  pulse  la.sers 
enables  us  to  study  the  coherent  transient  phe¬ 
nomena.  such  as  free  induction  decay  (FID),  pho¬ 
ton  echo  (PE)  [1]  and  quantum  beats  (QB)  [2-4]. 
in  semiconductors  where  the  induced  polarization 
decays  much  faster  than  in  atoms.  These  phe¬ 
nomena  have  so  far  been  studied  exten.sively  in 
GaAs  quantum  wells.  Although  the  growth  tech¬ 
nique  of  GaAs  epitaxial  layers  has  been  well 
established,  the  strict  control  of  inhomogeneous 
broadening  of  excitons  is  still  difficult.  This  is 
because  the  binding  energy  of  excitons  in  GaAs 
quantum  well  is  so  small  that  the  small  imperfec¬ 
tion  of  the  structures  such  as  well  width  fluctua- 
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tion  eau.ses  the  significant  effect  on  the  optical 
respernses  of  excitons.  Thus  we  often  encounter 
the  sample  dependent  phenomena  even  qualita¬ 
tively.  On  the  other  hand,  the  epitaxial  growth 
technique  of  wide  gap  ll-Vl  semiconductors  has 
been  remarkably  improved.  In  wide  gap  1 1 -V  I 
semiconductors,  the  e.xcitons  arc  very  stable  and 
the  resonant  effects  of  excitons  can  be  clearly 
ob.scrved.  We  observed  a  very  large  nonlinear 
phase  shift  at  the  exciton  resonance  in  ZnSe  films 
[5],  which  is  then  applied  to  the  demonstration  of 
all  optical  serial  to  parallel  conversion  up  to 
sub-Tbit/s  [6]. 

In  this  paper,  wc  report  the  coherent  transient 
nonlinear  responses  of  excitons  in  high  quality 
ZnSe  films  using  high  repetition  rate  tunable 
sub-pico.second  pul.scs.  We  measure  temporal  re¬ 
sponses  of  the  third-order  polarization  in  four- 
wave  mixing.  We  use  two  types  of  thin  film  sam- 
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pies,  one  is  the  homo-epitaxial  ZnSe  I'ilm,  where 
we  observe  the  FID  behavior  of  exeitons.  The 
other  is  the  very  thin  film  grown  on  GaAs  sub¬ 
strate.  where  we  observed  the  QB  signal  of  heavy- 
and  light-hole  exeitons.  Based  on  these  results, 
we  discuss  the  intrinsic  nature  of  the  exeitonic 
third-order  nonlinearity. 

2.  Experiments 

High  quality  ZnSe  thin  films  samples  arc  grown 
by  molecular  beam  epitaxy  method.  One  is  a 
homo-epitaxial  ZnSe  film  of  1.2  /am  thickness 
grown  on  ZnSe  substrate  (sample  I)  [7].  The 
other  is  a  ZnSe  film  with  thickness  of  50  nm 
grown  on  GaAs  substrate  (sample  II)  [8].  in  sam¬ 
ple  II.  the  valence  band  splits  into  a  heavy-  and  a 
light-hole  hands  caused  by  the  biaxial  strain.  In 
Fig.  1.  we  show  the  reflection  spectra.  A  heavy- 
and  a  light-hole  e.xciton  are  clearly  observed  in 
sample  II  (Fig.  lb).  Sample  I  is  free  from  any 
strain  and  we  observe  a  single  exciton  band,  as 
shown  in  Fig.  la.  We  use  the  second  harmonics  of 
a  CW  passively  mode-locked  Ti :  sapphire  laser 
(Coherent  Mira-OOO).  This  laser  generates  high- 
repetition  rate  pulses  suitable  for  the  detection  of 
sveak  signals.  The  pulse  duration  is  100  fs  and  the 
spectral  width  is  1.1  meV.  We  use  the  spatially 
parametric  type  two-pulse  degenerate  four-wave- 
mixing  configuration  as  shown  in  Fig.  2.  The 
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Fig.  2.  Schematic  drawing  dI  the  cxperinienia)  configuration 
of  TR-FWM  anil  T1-F\VM  in  rcHection  geomeirv. 


sample  is  excited  by  two  pulses  with  wave  vectors 

and  k,.  They  are  set  to  be  co-polarized.  The 
interval  between  two  pulses.  /'.  is  positive  when 
pulse  I  follows  pulse  2,  The  third-order  nonlinear 
signal  in  the  direction  2k,  -k.  is  detected  in  a 
retlection-type  geometry  [9].  We  measure  the 
temporal  responses  of  the  signal  using  the  field 
correlation  method.  We  denote  this  as  time-re¬ 
solved  four-wave-mixing  (TR-FWM)  signal  which 
is  a  function  of  the  reference  delay  time.  r.  The 
temporal  resolution  is  determined  by  the  pulse 
width,  about  150  fs.  We  define  the  time  zero. 
/  =  0.  as  the  time  when  pulse  1  reaches  the  sam¬ 
ple.  All  the  experiments  are  performed  at  1(1  K. 
The  excitation  density  is  estimated  as  2  x  It)'' 
cm  '.  In  this  e.xcitation  density  region,  the  inten¬ 
sity  of  the  FWM  signal  shows  a  third-order  pvnver 
dependence  of  the  input  pulses. 

3.  Results  and  discussion 

3.1.  Sample  I:  ohservation  of  free  imiueiion  decay 
of  e.xeilon 

Fig.  .1  shows  TR-FWM  signals  of  sample  1  as  a 
function  of  reference  delay  i  at  excitation  delay 
T  =  0  ps  and  I  ps.  The  signals  appear  at  the  time 
when  pulse  I  reaches  the  sample  and  the  signals 
decay  exponentially.  The  decay  times  are  inde¬ 
pendent  of  the  e.xcitation  delay  /'. 

We  performed  a  third-order  perturbational 
calculation  based  on  the  elementary  excitation 
picture  which  we  have  recently  applied  to  the 
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Reference  Delay  t  ( ps ) 

Fig.  3.  TR-FAVM  signals  of  sample  I  ai  cxcitalion  delay.  T  =  II 
ps  (a)  and  at  r  *  I  ps  (b). 


four-wave-mixing  signals  in  a  GaAs  quantum  well. 
For  the  inhomogeneously  broadened  system,  the 
TR-FWM  signal  behaves  like  a  photon  echo.  The 
signal  profile  is  Gaussian  and  its  peak  position 
depends  on  T.  For  the  homogeneously  broad¬ 
ened  system,  on  the  contrary,  the  signal  behaves 
as  free  induction  decay.  The  signal  peaks  at  /  =  0 
(on  the  arrival  of  pulse  1)  and  decays  with  the 
dephasing  time  of  T..  Our  observations  of  Fig. 
coincide  with  the  latter  case.  According  to  this 
model,  the  decay  time  of  the  TR-FWM  signal 
gives  us  the  T.  of  the  excitons  as  1..^  ps.  This  is  in 
good  agreement  with  the  homogeneous  line  width 
(  =  h/lirTj)  estimated  from  the  reflection  spec¬ 
trum  in  Fig.  la.  Such  coincidence  of  the  estima¬ 
tions  of  dephasing  times  obtained  from  both  tem¬ 
poral  and  spectral  domain  measurements  implies 
that  our  cxciton  system  is  truly  homogeneous. 
Our  observation  clarifies  that  the  intrinsic  cxciton 
system  shows  a  free  induction  decay  in  the  low 
excitation  regime.  Such  behavior  is  consistent  with 
the  many  body  theory  with  semiconductor  Bloch 
equations  [10]. 

.?.2.  Sample  II:  ohserration  of  quantum  beat  of 
heavy-  and  Halit -hole  excitons 

The  coherent  excitation  of  two  nearly  degener¬ 
ate  transitions  in  a  three-level  system  (Fig.  4a) 
creates  a  quantum-mechanical  beating  signal 


Kir 


(a)  light-hole 

exciton 


heavy-hoie 

exciton 


(b)  light-hole 

exciton 

heavy-hole  . 

exciton  I 


ground  state  ground  state 

Fig.  4.  Energy  level  diagrams  of  quantum  beat  regime  (a)  and 
classical  beat  regime  (b). 


(OB).  On  the  other  hand,  if  we  have  two  inde¬ 
pendent  two-level  systems  (Fig.  4b)  and  we  excite 
them  simultaneously,  the  polarization  interfer¬ 
ence  of  two  oscillators  causes  the  beating  signal. 
We  call  the  latter  phenomenon  a  "classical  beat" 
(CB).  In  an  cxcitonic  system,  the  distinction  be¬ 
tween  OB  and  CB  is  not  a  simple  problem  be¬ 
cause  of  the  complexity  due  to  the  many  body 
nature  of  the  system  and  the  inhomogeneity  of 
the  samples.  It  has  already  been  reported  that  it 
is  possible  to  distinguish  them  from  the  measure¬ 
ments  of  TR-FWM  signals  as  a  function  of  T  and 
(  [-^1. 

Fig.  5a  shows  the  T-dependent  time  integrated 
(Tl-FWM)  signal  of  sample  11.  The  beat  period  is 
.T5()  fs.  which  corresponds  to  an  energy  splitting 
of  12  meV.  This  is  in  good  agreement  with  the 
splitting  energy  of  heav'y-  and  light-hole  excitons, 
as  shown  in  Fig.  lb.  In  Tl-FWM,  the  modulation 
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Fig.  5.  Tl-FWM  sign;d  of  sample  M  (a)  and  TR-FWM  signals 
al  various  excitation  delays.  T  (b). 
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depth  is  the  most  important  measure  to  distin¬ 
guish  the  two  types  of  beats.  Third-order  pertur- 
bational  calculation  predicts  the  l(K)9f  modula¬ 
tion  depth  for  OB  under  the  condition  of  equal 
spectral  weights  of  heavy-hole  excilon  and  light- 
hole  exciton.  In  the  case  of  CB,  however,  the 
modulation  depth  is  I4Cf  at  the  maximum  within 
the  possible  range  of  T,  from  the  reflection  spec¬ 
trum,  which  is  0.9  </i/27r7'2  <  1.7  meV  [11).  In 
Fig.  5a,  we  observe  a  modulation  depth  of  more 
than  60'T,  which  is  much  larger  than  the  limit 
obtained  from  the  CB  regime. 

Fig.  5b  shows  the  results  of  TR-FWM  at  vari¬ 
ous  excitation  delay  T  (indicated  by  the  arrow  in 
Fig.  5a).  As  the  case  depicted  in  Fig.  3.  we  again 
observe  the  free-induction-decay  type  responses. 
The  signals  start  at  /  =  0  and  the  profiles  are 
independent  of  T.  The  pcrturbational  calculation 
of  TR-FWM  predicts  that  there  is  a  qualitative 
difference  between  the  two  regimes.  In  the  OB 
regime,  the  signal  is  promptly  emitted  when  pulse 
1  arrives,  and  the  peak  position  is  independent  of 
T.  In  the  CB  regime,  on  the  contrary,  the  rise  and 
the  peak  time  of  the  signals  vary  with  T  [3].  Our 
observations  coincide  with  the  behavior  expected 
for  OB.  Thus,  we  conclude  that  the  excitons  in 
our  thin  film  sample  arc  also  free  from  the  inho¬ 
mogeneous  broadening  effect,  and  the  observed 
beating  in  Figs.  5a  and  5b  are  the  results  of  the 
quantum  interferences  of  heavy-  and  light-hole 
excitons  in  ZnSe. 


4.  Conclusion 

We  demonstrate  the  time-resolved  FWM  sig¬ 
nal  in  high  quality  ZnSc  films  by  using  stable 
femtosecond  optical  pulses.  FID  behavior  of  the 
third-order  polarization  is  clearly  observed.  We 
also  observe  the  heat  signal  in  time-integrated 
and  time-resolved  FWM.  By  pcrturbational  calcu¬ 
lation  with  the  three-level  .system  and  two  inde¬ 
pendent  two-level  systems,  we  conclude  that  the 


origin  of  the  beat  is  the  quantum  interference  of 
heavy-  and  light-hole  excitons,  not  the  classical 
polarization  interference.  Our  results  assure  that 
the  excitons  in  ZnSe  films  have  no  inhomogene¬ 
ity.  Thus  the  ZnSe  excitons  are  suitable  for  a 
rigorous  comparison  between  experiments  and 
theories  especially  to  prove  the  various  many 
body  phenomena  predicted  by  the  theory,  such  as 
intrinsic  photon  echo  [10]. 
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Degenerate  four-wave  mixing  at  bound  excitons 
in  II-VI  semiconductors 
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Abstract 

The  coherent  and  incoherent  dynamics  of  hound  cxciton  complexes  in  CdS  are  investigated  b\  means  of 
degenerate  four-wave  mixing  and  differential  iransmi.ssion  spectroscopy.  We  observe  dephasing  times  7\  up  to  SIHI 
ps  for  the  (A",  X)  complex  and  up  to  150  ps  for  the  forbidden  exciton.  The  dephasing  times  T-  are  found  to  be 
generally  shorter  than  expected  from  the  energy  relaxation  limes  7\.  Pure  dephasing  processes  not  connected  with 
exciton  or  phonon  scattering  are  found  and  discussed  in  view?  of  impurity  interactitvns  and  nuclear  spin-tlip  processes. 


1.  Introduction 

The  first  step  in  the  relaxation  of  an  excited 
electronic  system  like  bound  excitons  in  semicon¬ 
ductors  is  the  loss  of  coherence  due  to  dephasing 
processes.  Thus,  the  study  of  dephasing  proces.ses 
yields  information  on  basic  interactions  at  the 
investigated  system.  Most  dephasing  processes  in 
semiconductors  take  place  on  a  fs  or  ps  time  scale 
and  are  connected  either  with  a  continuum  of 
electronic  states  or  with  the  scattering  of  quasi¬ 
particles  [1],  These  processes  are  expected  to 
depend  on  the  degree  of  localization  of  the  inves¬ 
tigated  system.  However,  the  influence  of  the 
localization  on  dephasing  procc.sscs  is  still  an 
open  question  [2], 

Energy  relaxation  processes  of  free  and  bound 
excitons  in  wide  band-gap  II-VI  semiconductors 
are  intensively  studied  by  means  of  time  resolved 
photoluminescence  [3-5].  However,  only  little  and 
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contradictory  information  on  the  coherent  dy¬ 
namics  is  available  yet.  On  the  one  hand,  using 
transient  four-wave  mixing,  dephasing  times  7',  of 
several  hundred  ps  ci>uld  be  determined  only  for 
the  neutral  acceptor  bound  exciton  (A".  X)  in 
Cd.Se  [6]  and  CdS  [7],  On  the  other  hand,  a 
dephasing  time  of  .7(M)  ps  has  been  found  for  the 
ionized  donor  bound  exciton  (O’,  X)  in  CdS  [S| 
by  means  of  quantum  beat  spectroscopy,  whereas 
no  quantum  heats  have  been  observed  for  the 
deeper  bound  exciton  complexes.  Detailed 
knowledge  of  the  coherent  dynamics  of  bound 
excitons  in  single  crystals  would  help  to  under¬ 
stand  the  basic  dephasing  processes  of  localized 
systems  in  .semiconductors. 

In  the  present  paper  we  investigate  nonlinear 
effects  and  dephasing  processes  of  excitonic  stales 
in  CdS  by  means  of  degenerate  four-wave  mixing 
(DFWM).  The  dephasing  times  are  found  to  be 
too  short  to  result  exclusively  from  energy  relax¬ 
ation,  indicating  pure  dephasing  processes. 
Phonon  and  exciton  scattering  are  intensively  in¬ 
vestigated  in  ref.  [7]  and  can  be  excluded  under 
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suitable  experimental  conditions.  Here,  possible 
dephasing  processes  of  excitonic  complexes  due 
to  impurity  interactions  and  nuclear  spin-flip  pro¬ 
cesses  are  discussed. 


2.  Experimental  procedure 

The  samples  used  for  the  measurements  are 
high-quality  platelets  of  CdS  with  thicknesses  be¬ 
tween  10  and  20  ^tm.  The  samples  are  selected 
for  excellent  surfaces  and  appropriate  I,  absorp¬ 
tion. 

The  excitation  source  for  the  DFWM  experi¬ 
ments  is  a  dye  laser  synchronously  pumped  by  a 
mode-locked  and  frequency-tripled  Nd :  YAG 
laser  providing  pulses  of  about  ps  duration. 
Using  Coumarin  102.  the  dye  laser  is  tunable 
between  460  and  510  nm  with  an  energy  resolu¬ 
tion  of  250  fjLtV.  The  laser  beam  is  split  into  two 
beams  with  one  chopped  at  1.5  kHz.  Neutral 
glass  filters  are  used  to  adjust  the  laser  power. 
Changes  in  the  probe  beam  transmission  as  well 
as  the  first  order  diffracted  signal  are  detected 
using  photo-diodes  allowing  the  simultaneous 
recording  of  the  differential  transmission  spectra 
(DTS)  and  the  DFWM  signal,  respectively. 


3.  Experimental  results 

Fig.  1  gives  representative  absorption  and 
emission  spectra  of  the  investigated  CdS  platelets 
in  the  near  band  gap  region  which  are  typical  for 
high  quality  CdS  samples  [9],  In  the  polarization, 
E  ic  transitions  involving  A  cxcitons  arc  al¬ 
lowed.  Two  different  neutral  acceptor  bound  ex- 
citon  complexes  produce  an  I,  doublet  around 
2.5357  eV'  with  an  energy  splitting  of  190  /icV. 
Around  2.546  eV.  several  I,  transitions  corre¬ 
sponding  to  cxcitons  bound  at  different  neutral 
donors  arc  ob.sened.  These  ab.sorptions  are  situ¬ 
ated  on  a  tail  of  the  A  exciton  absorption  but 
dominate  the  luminescence  spectrum.  In  the  po¬ 
larization  fc’llc  instead  of  the  strong  A  cxciton 
absorption  the  forbidden  (A,.)  and  the  longitudi¬ 
nal  (A,  )  A  exciton  arc  clearly  resolved  in  absorp¬ 
tion  as  well  as  in  emission.  B  cxcitons  bound  at  a 


ENERGY  (eV) 

Fig.  1.  Polari;:eJ  absorption  and  cmi.ssion  spectra  of  C'dS  at 
r- 1.8  K. 

neutral  acceptor  (1,,,.  Ij,))  arc  observed  in  ab¬ 
sorption  only.  However,  the  interpretation  of 
weak  emission  lines  in  the  same  spectral  region  in 
terms  of  ionized  donor  bound  e.xcilon  complexes 
is  not  clearly  established  to  date. 

CdS  exhibits  strong  nonlinearities  in  the  near 
band-gap  region  correlated  with  excitonic  pro¬ 
cesses.  Fig.  2  shows  the  energy  dependence  of  the 
DTS  as  well  as  of  the  DFWM  signals  for  nxed 
delays  t  between  the  two  incoming  pulses  of  10 
ps  (dotted  traces)  and  60  ps  (full  traces)  recorded 
with  the  pulse  polarizations  perpendicular  to  the 
crystal  c-axis.  Strong  signals  are  observed  at  the 
bound  exciton  resonances.  Both  I ,  and  I ,  show 
saturation  leading  to  a  long-living  induced  trans¬ 
mission.  Nevertheless,  all  fine  structures  are  situ¬ 
ated  on  a  broad  induced  absorption  band  follow¬ 
ing  the  tail  of  the  A  exciton  absorption  (see  Fig. 
1).  probably  connected  with  excited  state  absorp¬ 
tion  of  free  cxcitons.  The  induced  absorption  in 
the  energy  region  between  I,  and  1,  disappears 
very  fast.  Strong  DFWM  signals  (Kcur  for  the 
different  bound  exciton  complexes  (1,.  I.)  and 
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additional  weak  signals  are  observed  for  the  1, 
and  on  the  low  energy  side  of  the  I,  resonance. 
The  strong  absorption  starting  at  the  reso¬ 
nance  influences  the  DFWM  signal,  leading  to  a 
small  energy  shift  between  the  DTS  and  the 
DFWM  signals  of  I,-  DFWM  signals  of  the  A,, 
and  the  A,  exciton  are  observed  using  light  pulses 
polarized  parallel  to  the  crystal  c-axis  (not  shown 
in  Fig.  2).  It  should  be  noted  that  the  separate 
investigation  of  the  different  bound  exciton  tran¬ 
sition  becomes  possible  using  a  narrow  bandwidth 
laser  system  as  done  in  this  study. 

Comparing  the  spectra  taken  at  delays  r  of  10 
and  60  ps,  it  is  apparent  that  only  the  I,  bound 
exciton  complex  has  a  dephasing  time  longer  than 
a  few  10  ps.  Corresponding  spectra  for  the  polar¬ 
ization  £  II  c  show  a  resolvable  dephasing  process 
for  the  forbidden  Af.  exciton  tocr.  Fig.  .t  depicts 
transients  of  the  DFWM  signal  for  the  I,,  the  I,. 


F-ip.  2.  I)irit.'rvnti;il  transmis^ioii  (OTSt  anil  Oogcncralc  Kmr- 
wavc  mixing  (DF  WM)  signals  in  ikpciulcnii'  on  llic  excitation 
energy  in  iFie  hand-gap  region  of  CdS  at  /  -  I  S  K  and  two 
different  delays  t  between  the  two  incoming  pulses.  Tire 
exciting  light  pulses  are  polari/ed  perpendicularly  writh  re¬ 
spect  to  the  crystal  c-axis. 


Delay  time  (ps) 

Fig.  .t.  Transients  of  the  DFWM  signals  obscrxed  for  the 
t.-V.  X)  tl|)  and  the  ID". \)  (l.l  hound  exciton  complexes 
(Fir)  and  the  Aj  exciton  in  ('dS  ihy'c)  at  7'-I.S  K. 
Notice  the  changed  time  scale  for  I,. 


and  the  A,  resonances  recorded  at  an  excitation 
density  of  O..^  MW  cm  -  giving  a  reasonable 
signal-to-noise  ratio.  Only  for  the  I,  complex  and 
for  the  forbidden  A,,  exciton  does  the  signal 
extend  noticeably  beyond  the  autocorrelation 
function  of  the  exciting  laser  pulses,  indicating 
extremely  fast  dephasing  processes  for  most  of 
the  excitonic  states.  Time-resolved  investigations 
of  the  photon  echo  of  1 ,  prove  the  inhomoge¬ 
neous  broadening  of  the  I,  resonance  [7].  For  an 
inhomogeneously  broadened  two-level  system,  the 
DFWM  signal  decays  with  /  oc  expt -4f/7'.). 
However,  the  time-integrated  photon  echo  signal 
of  the  I,  resonance  is  non-exponential  (Fig.  ,7). 
Photon  echo  experiments  in  dependence  of  the 
excitation  density  [7]  demonstrate  that  the  /i/vf 
curly  part  results  from  interactions  with  a  time- 
dependent  bath,  probably  free  excitons.  and  that 
the  exponential  part  at  longer  delays  gives  the 
dephasing  time  of  the  investigated  system.  We 
determine  dephasing  times  T,  between  550  and 
800  ps  for  the  (A".  X)  complex  depending  on  the 
investigated  crystal.  The  DFWM  signal  observed 
for  the  A,,  exciton  resonance  shows  a  fast  part 
following  the  autocorrelation  of  the  exciting  laser 
pulses  and  a  slower  exponential  decay  yielding 


/.  Hrosvr  et  uL  /  Jfntnml  />/  Crystul  (irowth  J.^S  f  lW-4) 


S12 


Fig.  4.  Fixperimcnial  (Ith  side)  and  calculated  (right  side) 
DFWM  signals  of  the  (A".  X)  bound  exciton  complex  in  C‘dS 
showing  polarization  interference.  The  inset  gives  a  high 
resolulu^n  absorption  spectra  showing  the  two  involved  l| 
absorptions. 


depha.sing  times  7;  between  100  and  150  ps 
depending  on  the  investigated  sample.  DFWM 
e.xeitation  speetra  sht)w  that  the  fast  component 
is  not  resonant  with  the  A^.  exciton. 

On  the  left-hand  side.  Fig.  4  shows  enlarged 
the  modulation  in  the  early  part  of  the  time 
integrated  photon  echo  signal  observed  for  the 
(A".  X)  resonance.  Such  modulation  can  cither 
result  from  quantum  beats  or  from  polarization 
interference  [10].  fhe  beating  has  been  observed 
for  a  sample  showing  two  clearly  resolved  I, 
resonances,  as  is  obvious  from  the  high  resolution 
absorption  spectrum  depicted  in  the  insert.  The 
beat  period  of  22  ps  corresponds  well  to  the 
energy  difference  between  the  two  1 ,  resonances 
of  190  /aeV.  These  beats  are  absent  in  crystals 
showing  only  a  single  or  two  poorly  resolved  I, 
resonances,  proving  that  the  beats  result  from 
polarization  interference  caused  by  the  simulta¬ 
neous  excitation  of  two  independent  (A",  X)  com¬ 
plexes.  Recently,  polarization  interference  be¬ 
tween  the  (A".  .X)  and  the  (D".  X)  complexes  in 
C'dSe  has  been  reported  [11].  On  the  right-hand 
side.  Fig.  4  shows  the  beating  of  the  time-in¬ 
tegrated  photon  echo  signal  calculated  for  a  sys¬ 
tem  consisting  of  two  inhomogencously  broad¬ 
ened  oscillators.  Using  the  energy  splitting  and 
the  FWFIMs  determined  from  the  abstnption 
spectrum,  good  agreement  with  the  experimental 


results  is  obtained.  The  fast  decay  of  the  beating 
results  from  the  inhomogeneous  broadening  of 
the  two  oscillators. 


4.  Discussion 

For  some  systems  a  significant  influence  of 
cxciton  localization  on  dephasing  prtK'esses  has 
been  found  [2].  For  these  systems  the  dominating 
factor  is  the  reduction  of  relaxation  channels  with 
increasing  localization.  Thus,  it  can  be  expected 
that  cxcitons  localized  at  a  single  impurity  form¬ 
ing  atomic-like  electronic  systems  show  no  com¬ 
parable  fast  dephasing  processes.  Indeed,  recent 
quantum  beat  [8]  and  DFWM  [6.7]  experiments 
as  well  as  the  present  results  show  dephasing 
times  of  some  hundred  ps  for  bound  exciton 
complexes  in  the  wide  band  gap  II- VI  semicon¬ 
ductors.  Without  pure  dephasing  processes  only 
energy  relaxation  contributes  to  the  dephasing 
time  r,.  then  given  by  T.  =  27,.  In  this  paper.  T- 
times  are  determined  for  bound  exciton  com¬ 
plexes  which  are  always  shorter  than  expected 
from  pure  energy  relaxation  processes.  For  exam¬ 
ple.  the  dephasing  time  T,  of  the  (A".  X)  complex 
of  about  700  ps  is  considerably  shorter  than  ex¬ 
pected  from  the  energy  relaxation  time  T,  of  980 
ps  measured  by  time  resolved  photolumine.scence 
spectroscopy.  This  discrepancy  is  even  more  pro¬ 
nounced  for  the  (D".  X)  complex.  DFWM  experi¬ 
ments  in  dependence  on  sample  temperature  and 
excitation  density  show  a  strong  interaction  with 
re.st)nant  acoustical  phonons  and  free  cxcitons 
[6.7].  However,  at  low  temperature  and  moderate 
excitation  density,  both  processes  do  not  con¬ 
tribute  any  longer  to  the  dephasing.  Thus,  there 
is  evidence  for  an  additional  dephasing  process  of 
bound  exciton  complexes. 

E.xcluding  exciton  and  phonon  scattering,  pure 
dephasing  priKcsses  of  bound  exciton  complexes 
could  be  due  cither  to  impurity  interactions  or  to 
nuclear  spin-flip  pnK'csses  of  the  surrounding 
host  ions.  Time-resolved  photoluminescence 
measurements  show  that  higher  impurity  concen¬ 
trations  can  alter  even  the  energy  relaxation  times 
[12]  and,  e.g.,  the  dephasing  of  excited  Cr  ions  in 
AKO,  results  from  nuclear  spin-flip  pnx'csscs  of 
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neighbouring  ions  [13].  It  is  obvious  that  the 
interaction  of  a  bound  exciton  complex  with  other 
impurities  as  well  as  with  surrounding  spins  de¬ 
pends  critically  on  its  localization.  With  increas¬ 
ing  extension  of  its  wave  function,  the  bound 
exciton  probes  larger  areas  of  the  crystal  leading 
to  a  faster  dephasing.  This  is  in  good  agreement 
with  our  experimental  results.  Only  the  impurity 
interaction  depends  on  the  defect  concentration, 
making  the  dephasing  time  7,  dependent  on  the 
investigated  crystal.  Our  experiments  show  only  a 
small  variation  of  the  depha.sing  time  of  the 
(A".  X)  complex  in  CdS,  caused  either  by  slightly 
different  impurity  concentrations  or  by  the  differ¬ 
ent  chemical  nature  of  the  neutral  acceptor.  It 
has  to  be  noted  that  we  expect  the  inve.stigated 
crystals  to  be  very  similar,  since  they  are  grown 
using  the  same  equipment  and  selected  for  a 
suitable  I ,  absorption.  Thus,  no  unambiguous  dis¬ 
tinction  between  the  two  dephasing  pnK'c.sses  is 
possible  at  this  point. 

It  is  interesting  to  compare  the  results  of  lin¬ 
ear  quantum  heat  [8]  and  DFWM  experiments 
yielding  apparently  contradictory  results  in  the 
case  (if  hound  exciton  complexes  in  CdS.  Quan¬ 
tum  heat  experiments,  in  principle,  do  not  probe 
the  "optical  "  coherence  between  the  ground  and 
excited  states  of  a  system,  but  the  "quantum” 
coherence  between  two  nearby  excited  states, 
which  means  that  additional  relaxation  processes 
between  the  two  excited  states  would  decrease 
the  measured  dephasing  time.  Further  on.  a  mag¬ 
netic  field  is  used  to  generate  and  tune  the  two 
excited  states.  The  magnetic  field  alters  the  elec¬ 
tronic  states  and  can  directly  inlluence  dephasing 
processes  [13].  Thus.  DFWM  experiments  give 
more  reliable  results,  since  they  work  in  each 
two-lcvel  system  showing  absorption.  This  means 
that  a  short  DFWM  signal  proves  a  short  dephas¬ 
ing  time,  whereas  a  missing  quantum  beat  signal 
can  have  different  reasons. 

Our  DFWM  experiments  indicate  extremely 
short  dephasing  times  for  the  (D".  X)  as  well  as 
for  the  weaker  bound  exciton  complexes.  In  con¬ 
trast.  the  quantum  beat  experiments  give  a  de¬ 
phasing  time  of  .3IKI  ps  for  the  weakly  bound 
(D  '.  X)  complex  [8],  This  indicates  either  a  much 
lower  impurity  concentration  or  an  influence  of 


the  magnetic  field  on  the  dephasing  process  by 
stabilization  of  the  nuclear  spins.  In  both  cases, 
the  (D".  X)  and  the  (A".  X)  complexes  should 
possess  even  longer  dephasing  times.  However, 
no  quantum  beat  signals  have  been  observed  for 
the  neutral  donor  or  acceptor  bound  exciton 
complexes.  The  lack  of  a  quantum  beat  signal  can 
have  many  different  reasons,  especially  consider¬ 
ing  the  complicated  level  structure  of  bound  exci¬ 
ton  complexes  formed  at  neutral  donors  or  accep¬ 
tors. 

Completely  different  is  the  situation  in  the 
case  of  the  forbidden  A^  exciton.  showing  a 
comparatively  long  dephasing  time  between  1(1(1 
and  LSO  ps.  In  general,  generating  free  excitons. 
e.xcilon-exciton  collisions  lead  to  a  dephasing  on 
a  fs  time  scale  [1].  However,  the  forbidden  exci¬ 
ton  has  only  a  small  dipole  moment,  and  thus 
experiences  a  weaker  interaction  with  other  elec¬ 
tronic  excitations. 


5.  Conclusion 

DFWM  spectrosci'py  is  an  appropriate  tech¬ 
nique  to  study  coherent  processes  in  the  near 
band-gap  region  of  semiconductors.  The  pre¬ 
sented  experimental  results  demonstrate  dephas¬ 
ing  times  7,  of  several  hundred  ps  for  the  accep¬ 
tor  bound  exciton  (A".  X)  complex  in  CdS.  which 
are  still  too  short  to  be  limited  by  energy  relax¬ 
ation  processes.  Neither  phonon  nor  exciton  scat¬ 
tering  contributes  to  the  dephasing  process  under 
the  experimental  conditions  used  in  this  work  [7j. 
However,  impurity  interactions  or  nuclear  spin- 
flip  processes  in  the  surroundings  could  explain 
the  dependence  of  the  dephasing  rate  on  the 
Iwalization  of  the  bound  exciton  complex.  Addi- 
tktnally.  for  the  forbidden  A,  exciton.  dephasing 
times  longer  than  HKI  ps  are  observed. 
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Abstract 

Time  resolved  luminescence  measurements  of  the  donor-acceptor  pair  (DAP)  luminescence  of  n-doped  C'dS:  In 
bulk  crystals,  undoped  bulk  ZnSe  crystals  grown  with  varums  VI/II  ratios,  and  p-doped  ZnSe :  N  epilayers  in  the 
near  band  gap  region  are  presented.  The  decay  of  the  donor-aceepior  pair  recombination  lumineseenee  is 
investigated  for  dopant  concentrations  below  the  .Vfott  density.  A  discussion  on  the  basis  of  a  statistical  theory  by 
Thoniiis  and  Hopfield  for  DAP  recombination  yields,  by  knowledge  of  the  Bohr  raUu  of  the  impurities,  the  number 
of  electronically  active  impurity  centres.  The  reliability  of  this  method  to  determine  impurity  concentrations  is 
discussed. 


1.  Introduction 

Wide  band  gap  II-VI  materials  became  of 
extreme  interest  since  the  reliable  fabrication  of 
highly  p-doped  epitaxial  structures  has  been  real¬ 
ized  recently.  Based  on  these  materials  new 
prospects  are  opened  for  technical  aplications 
like  short-wavelength  litsers  [1]  and  detectors. 
However,  one  important  problem  is  the  exact 
knowledge  of  impurity  doping  levels,  which  is 
required  for  p-  or  n-doped  II-VI  compounds. 
One  fairly  easy  access  is  given  by  time-resolved 
measurements  of  the  DAP  luminescence,  being 
strongly  dependent  on  the  doping  concentration. 
Thomas  et  al.  [2]  perfttrmed  time-integrated  and 
time-resolved  measurements,  showing  a  reduction 
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of  the  decay  time  with  increasing  doping  concen¬ 
tration.  and  explained  the  devekrpment  in  a  sta¬ 
tistical  approach  by  the  reduction  of  the  mean 
distance  between  donor  and  acceptor  ions.  In  the 
present  paper,  the  dynamics  of  the  D.AP  lumines¬ 
cence  of  n-doped  CdS:ln.  undoped  bulk  ZnSe 
grown  with  a  large  variety  of  VI/II  ratios  and 
p-doped  ZnSe :  N  epilayers  are  presented.  Time 
resolved  measurements  of  DAP  luminescence  are 
introduced  as  a  standard  technique  to  determine 
the  impurity  concentration  in  II-VI  semiconduc¬ 
tors  (bulk  material  as  well  as  epilayers)  for  a  wide 
range  of  concentrations  below  the  Mott  density. 


2.  Experimental  technique 

The  investigated  C'dS  crystals  are  grown  by  the 
Frerichs-Warminsky  method  from  the  gaseous 
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phase  [3].  The  indium  doping  was  aehieved  either 
during  growth  or  subsequent  by  indiffusion.  The 
ZnSe  bulk  material  is  grown  by  low  pressure 
ehemical  vapour  deposition  (CVD)  at  7'=675°C 
using  varit)us  Vl/II  ratios.  The  ZnSc  cpilayers 
are  grown  by  metalorganie  vapour  phase  epitaxy 
(MOVPE)  with  DeZn  and  DeSe  as  precursors  at 
a  temperature  of  480°C.  The  doping  is  carried  out 
during  growth  by  a  nitrogen  plasma.  For  the 
luminescence  measurements  the  crystals  arc  im¬ 
mersed  in  liquid  He  at  2  K.  A  synchronously 
pumped  dye  laser  with  3  ps  pulse  duration  and 
1.9  MHz  repetition  rate  excites  the  samples  with 
an  average  output  power  of  100  mW,  reduced  by 
neutral  glass  filters  for  low  excitation  densities. 
Time  resolved  lumine.scence  measurements  are 
performed  with  a  subtractive  grating  montKhro- 
mator  and  a  micro-channel-plate  photo-multiplier 
tube  (MCP-PMT)  using  time  correlated  single 
phtiton  counting. 


than  the  other,  one  gets: 

lV{r)  =  W;,,,exp(2rA/„)  (I) 

Eq.  (1)  is  only  valid  for  hydrogen-like  pairs  of 
reasonably  large  separation,  i.e.,  /  »  u,,  [2],  Due 
to  the  fact  that  only  the  Bohr  radius  of  the 
weaker  bound  impurity  atom  is  used  to  deduce 
Eq.  (1),  the  following  calculations  are  valid  with 
the  same  Bohr  radius  a„  for  both  acceptor  or 
donor  excess. 

Admitting  donors  or  acceptors  in  excess,  one 
gets  for  the  intensity  of  light  /  emitted  at  time  f 
[2]: 


3.  Experimental  results 

In  all  three  systems  -  CdS:In.  ZnSe  and 
Zn.Se :  N  -  free  excitons.  bound  exciton  com¬ 
plexes  and  a  luminescence  band,  several  10  meV 
beknv  the  band  gap  with  strimg  phonon  replica, 
are  observed  at  liquid-helium  temperatures.  The 
broad  band  is  attributed  to  donor-acceptor  p;iir 
recombination  [4),  Each  donor-acceptor  pair  has 
a  distinct  separation  r  and  a  radiative  recombina¬ 
tion  energy  T  =  /-.(r).  We  assume  therefore  expo¬ 
nential  recombination  kinetics  for  a  single 
donor-acceptor  pair.  The  superpvtsition  of  a  large 
number  of  exponential  decays  from  each  pair 
leads  to  the  observed  luminescence  band.  A  theo¬ 
retical  treatment  to  determine  the  impurity  con¬ 
centration  of  the  radiative  dynamics  is  by  far 
more  reliable  than  line  shiipe  analyses,  since  in 
the  latter  case  too  many  parameters  are  involved, 
rhe  influence  of  doping  on  the  DAP  recombina¬ 
tion  dynamics  is  studied  by  time  resolved  mea¬ 
surements. 

Using  effective-mass  theory  to  calculate  the 
recombination  probability  Wir)  for  a  single 
donor-acceptor  pair,  where  one  of  the  impurities 
has  a  significantly  larger  </„  («„:  Bohr  radius) 


N  is  the  concentration  of  the  majority  constituent 
which  should  be  of  the  order  of  the  carrier  con¬ 
centration  derived  in  Hall  measurements  at  7  = 
300  K. 

Eig.  1  shows  time  integrated  luminescence 
spectra  at  liquid  helium  temperature  of  (  dS  crys¬ 
tals  doped  with  indium  ;it  concentrations  (.\j„) 
between  10’  and  .x  X  lO”^  cm  '.  The  lowest 
spectrum  in  the  inset  of  Fig.  I  exhibits  in  the 
near-band-gap  region  the  DAP  recombination  lu¬ 
minescence.  The  energy  position  of  the  U  line  at 
2..‘'46t)  eV  corresponds  to  a  bound  exeiton  com¬ 
plex  formed  at  a  substitutional  indium  impurity 
on  cadmium  site  (.>].  The  energy  position  of  the 
DAP  luminescence  confirms  the  incorporation  of 
indium  as  a  donor.  I'he  green  luminescence  be¬ 
comes  broader  and  the  recombination  dynamics 
faster  (main  part  of  Fig.  1 )  with  increasing  indium 
concentrativvn.  A  good  agreement  between  theo¬ 
retical  calculations  using  Eq.  (2)  and  experimen¬ 
tal  transients  could  be  established  (Fig.  1).  The 
fitting  of  the  experimental  data  with  (/,,  =  2.4  nm 
and  =  (3  ±  2)  X  I  O'’  s  '  using  Eq.  (2)  gives 
the  concentration  of  donors  N  in  the  CdS:ln 
samples  (see  Table  1). 

The  inset  of  Fig.  2  depicts  time  integrated 
measurements  of  the  DAP  recombintition  lumi- 
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f  ig,  I.  Transients  of  the  DAP  luminescence  of  (TIS  with 
various  ,V,„  at  low  excitation  densities  =  Ill  kW  cm  -). 
Points  represents  experimental  data  and  lull  lines  give  theo¬ 
retical  tits  using  Eq.  (2).  In  concentrations  and  results  are 
given  in  Table  I.  The  corresponding  luminescence  is  given  in 
the  inset. 

nescence  at  T  =  2  K  of  bulk  ZnSc  crystals  grown 
by  CVD  for  two  Vl/11  partial  pressure  ratios 
below  one  (0.6  and  0.3).  The  main  part  of  Fig.  2 

Table  1 

Fitted  values  according  to  Eq.  (2)  for  ('d.S:ln.  Zn.Se  and 
ZnSe:N  tscc  Figs.  1,  2  and  .T);  gives  the  concentration 

deduced  from  growth  conditions,  and  V  and  give  the 

fitted  concentration  and  transition  constant  using  Eq.  (21. 
respectively 
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Fig.  2.  Transients  of  the  DAP  luminescence  of  (A  D-grown 
bulk  ZnSe  grown  with  two  VT  01  ratios.  (.M  II. h  and  (Hi  (I..T 
during  growth  at  low  excitation  densities  I  =  1(1  k\V  cm  '  I. 
Points  represents  experimental  data  and  full  lines  give  theo¬ 
retical  fits  using  Eq.  (21.  Results  arc  given  in  Table  1.  The 
corresponding  luminescence  is  given  in  the  inset 


shows  ihc  corresponding  transients  taken  at  the 
maximum  of  the  lumineseenee  intensity.  The  used 
values  of  «„  and  ,V  are  given  in  I'able  1. 

The  DAP  lumineseenee  showing  clearly  prir- 
nounecd  phonon  replica  (curve  A)  decays  slower 
than  that  of  curve  B.  The  VI/  II  ratio  of  the  latter 
ones  is  closer  to  one  than  that  of  the  first  ones. 

The  results  of  time-resolved  lumineseenee 
measurements  of  MOVPF  grown  ZnSe  epilayers 
doped  in  situ  with  nitrogen  are  presented  in  Fig. 
3.  The  inset  shows  time-integrated  spectra  of 
crystals  (curve  A)  grown  with  a  Vl/Il  ratio  of  3.(' 
and  a  plasma  power  of  5.?  W  as  well  as  with  a 
ratio  of  0.8  for  two  plasma  powers  (curve  B;  5.0 
W;  curves  C’;  6.5  W).  The  corresponding  tran¬ 
sients  taken  at  the  maximum  t)f  the  DAP  lumi- 
ne.scence  are  given  in  the  main  part  of  the  figure. 
We  observe  with  decreasing  Vl/11  ratio  a  de¬ 
crease  of  the  luminescence  lifetime.  The  fitted 


('ll.  I'rii  kc  I’t  III. /Journal  of  Cryslal  droHlh  LIS  I IW4)  S15-S14 


SIS 


Fig.  3.  rransients  i)f  the  DAP  luminescence  of  MOVPE-grown 
ZnSe  doped  wiih  nitrogen  at  low  excitation  densities  <  4,^  =  1(1 
kW  cm  •)  lor  various  Vl/11  ratios  and  nitrogen  plasma 
powers:  (A>  V1/I1  =  .VI),  =  5.5  W;  (B)  VI/ll  =  O..S. 

W:  (O  VI/II  =  li.K.  =  6.5  W.  Points  rep¬ 

resents  experimental  data  and  full  lines  give  theoretical  fitv 
using  Eq.  (2).  Results  are  given  in  Table  I.  The  corresponding 
luminescence  is  given  in  the  inset. 

values  of  and  N  using  Eq.  (2)  are  given  in 
Table  1. 


4.  Discussion 

The  DAP  luminesecnec  in  a  semiconductor 
offers  a  unique  spectroscopic  access  to  the  con¬ 
centration  of  impurities.  It  is  the  only  lumines¬ 
cence  whose  dynamics  depend  critically  on  the 
impurity  concentration.  Ncverthcle.ss,  interac¬ 
tions  with  deep  impurities  affect  the  dynamics, 
making  it  complicated  to  obtain  reliable  informa¬ 
tion  in  a  straightforward  manner,  as  will  be  dis¬ 
cussed  for  the  three  examples  given  above. 

Under  ideal  conditions,  i.e.  the  crystal  contains 
only  effective-mass-like  donors  and  acceptors  in  a 
statistical  manner,  the  statistical  approach  of 


Thomas  and  Hopfield  (Eqv.  (!)  and  (2))  is  ex¬ 
pected  to  be  valid  and  an  analysis  of  the  DAP 
luminescence  decay  yields  the  concentration  of 
the  dominating  dopant.  This  situation  is  given  to 
a  good  extent  for  the  CdS :  In  samples.  With 
increasing  indium  concen'ration.  the  decay  be¬ 
comes  faster.  However,  all  transients  can  be  fit¬ 
ted  with  one  as  expected  from  the  theory 

(see  Table  1).  The  obtained  doping  concentra¬ 
tions  are  in  good  agreement  with  the  estimated 
indium  concentration  and  A\  —  A’,,  values  deter¬ 
mined  by  electrical  methods.  It  should  be  noted 
that  the  fit  of  the  DAP  transients  gives  the  total 
acceptor  i  ’"  donor  concentration  and  not  only  the 
uncompensated  part.  Thus,  a  combination  of 
time-resolved  and  electrical  data  yields  the  major¬ 
ity  constituent  ( or  V,, ).  its  concentration,  and 
information  on  the  compensation. 

The  situation  becomes  more  difficult  if  non-ef¬ 
fective  mass  type  defects  are  involved.  Especially, 
deep  defects  can  alter  the  transition  probability 
of  a  DAP  due  to  competing  nonradiative  recom¬ 
bination  channels.  Tor  example,  efficient  excita¬ 
tion  of  4f  ions  over  DAPs  has  been  attributed  to 
a  "three-centre  Auger"  process  [6].  In  this  ca.se 
should  increase  with  the  deep  defect  con¬ 
centration  and  N  represents  only  an  upper  limit 
for  the  majority  constituent  (A,^  or  A,)).  This 
behaviour  is  obvious  for  the  CVD  ZnSe  samples. 
Both  samples  have  been  grown  under  the  same 
conditions  except  of  different  VI/II  ratios.  The 
Vl/11  ratios  critically  determines  the  concentra¬ 
tion  of  deep  native  defects  generated  during 
growth  at  67.‘'°C.  The  DAP  luminescence  of  the 
crystal  grown  with  a  Vl/11  ratio  of  ()..S  decays 
considerably  faster  than  that  of  the  sample  with 
VI/ 11  =  t).b.  indicating  a  much  higher  defect  con¬ 
centration.  However,  the  analysis  using  Eqs.  (1) 
and  (2)  shows  a  large  increase  of  and  only  a 
small  increase  in  A,  see  Table  1,  At  a  VI/11  ratio 
of  0..^,  much  more  deeper  native  defects  are 
generated,  leading  to  an  enhanced  DAP  recombi¬ 
nation  probability.  Obviously,  is  a  .sensitive 
.sensor  for  deep  defects. 

The  example  of  the  MOVPE  grown  samples  is 
the  most  complicated  one.  Nitrogen  doping  of 
ZnSe  leads  to  p-conductivity  in  high  quality  MBE 
ZnSe  cpilayers.  However.  MOVPE-grown  ZnSe 
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layers  Mill  suffer  from  the  high  impurity  content 
of  the  available  precursors,  as  is  obvious  from  the 
high  impurity  concentrations  determined  for  sam¬ 
ple  B.  Upon  N-doping  the  defect  concentration 
increases.  The  simultaneous  increase  of  the  tran¬ 
sition  probability  W  indicates  that  N-doping  pro¬ 
duces  not  only  shallow  acceptors,  but  also  deep 
defects.  This  is  affirmed  by  electrical  measure¬ 
ments  showing  that  all  MOVPE  grown  ZnSe  lay¬ 
ers  arc  semi-insulating.  Nevertheless,  at  high  con¬ 
centrations  of  shallow  impurities  energy  transfer 
proccs.ses  among  DAPs  can  be  important,  too  [7). 


5.  Conclusion 

The  analysis  of  the  time  behaviour  of  the  DAP 
lumine.scence  yields  a  fast  and  reliable  access  to 
impurity  concentration  and  compensation  in 
semiconductors.  Under  "ideal"  conditions  (deep 
defects  can  be  neglected),  an  accuracy  of  about 
.■)()'')  can  be  obtained.  Especially  helpful  is  a 
comparison  with  electrical  data  giving  the  major¬ 
ity  constituent  (JV^  or  .V^)  and  the  degree  of 
compensation.  In  the  presence  of  deep  defects, 
information  on  the  defect  density  can  be  obtained 
too.  but  a  reliable  determination  of  the  shallow 
defect  concentration  becomes  difficult.  In  gen¬ 


eral.  it  should  be  noted  that  the  analysis  of  the 
DAP  dynamics  gives  reliable  concentrations  in 
either  p-  or  n-conducting  samples  but  only  quali¬ 
tative  arguments  in  case  of  dominating  deep  de¬ 
fects,  i.e.  semi-insulating  samples. 
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Energy  transfer  processes  via  the  interface 
of  ZnSe/GaAs  epilayers 


N.  Prcsser,  Ch.  Frickc.  G.  Kudlek,  R.  Hcitz,  A.  Hoffmann  *.  I.  Brosci 

h\'ytiutl  fur  l'f\ikt'>rpi‘ri)h\\ik.  IcihfUMlw  inn  trMitit  Itfiini.  l/nrji-nh  -ri^tlrtpu'  'V).  lirrlni.  i  nrnhin\ 


Absiriicl 

In  iIk'  prcM-'iit  paper,  energy  transfer  proeesses  via  the  interface  nf  moleeiilar  heani  epittivv  (Mill  )  grown 
/nSe  (iaAs  epihiyers  are  itnestigtiteil  h\  means  of  time-resolved  phoiolumineseenee  spectroscopy.  High  eveitation 
experiments  show  that  an  electron -hole  plasma  exists  in  free-sttmding  /.nSe  layers  only.  Hy  eom(iaring  the 
time-resolved  liimineseenee  prvtperties  of  ZnSc,  (iaAs  hcterosfnielures  and  of  tree-standing  /nSe  layers,  we 
demottstrate  which  kind  of  energy  trtmsfer  mechanism  is  predominant  in  heterostrnetiires:  ,\t  low  excitation 
densities  energy  is  transferevl  hy  re-ahsorption  of  the  ZnSe  luminesce  nee,  .At  higher  excitation  densities,  an 
amhipolar  carrier  diffusion  via  the  /nSe  Cia.-As  interfae'e  is  the  dominating  process. 


I.  Introduction 

In  the  pttsi  dcetidc'.  /tiSe  epihtycrs  htixe  been 
the  object  of  intense  research  in  view  of  possible 
tippliealion  to  opioeleetrttnies.  I  he  improvement 
in  growing  pure  crystalline  ZnSe  by  epitaxial 
growth  methods,  espeeitilly  by  moleeuhir  beam 
epititxy  (MBf'i),  recently  eitlmintited  in  the  first 
registered  blue  laser  activity  in  a  ZnSe-based 
device  [Ij.  However,  the  responsible  process  for 
this  lasing  is  still  not  well  tmderstooil.  I  herefore. 
it  is  necessary  to  study  the  nonlitiear  optical  pro¬ 
cesses  in  such  epihiyers.  and  espeeitilly.  to  under- 
stiind  the  innuenee  ol  the  substrate  on  these 
nonlinearities. 

I  ime-integrated  photolumineseenee  of  ZnSe 
(iaAs  hetcrostruetures  under  low  CW  excitation 
densities  ( 1^^^  ■  mW/em  )  has  been  thoroughly 


‘  (  orrespofutiiig  .inilmr 


investigtited  12..^).  In  Ihe  exeilonie  regime  the 
lumineseenee  depicts  split  e.xeitoii  reeimibination 
lines.  X|,,  and  and  split  b^)und  exeiton  emis¬ 
sion  lines.  I.  and  I'..  This  splitting  of  the  exei- 
tonie  features  is  correlated  with  the  splitting  of 
the  upper  /'^  vtilenee  band  of  ZnSe.  because  of 
the  strain  induced  by  the  hittiee  misnialeh  1(1. ZVf 
at  room  temperature)  tinil  the  different  thermtil 
exptmsion  eoeffieients  of  layer  and  substrate  [2], 
lime-resolved  lumineseenee  of  free  exeilons  in 
the  investigtited  heterostruetures  yields  decay 
times  of  10(1  ps  for  the  .X,,,,  exeiton  anil  l.'xO  ps  for 
the  .X|,,  exeiton  |,^],  I  he  photolumineseenee  of  Ihe 
Z.nSe/(iiiAs  heterostruetures  unilet  high-density 
excitation  of  a  ns  pulse  laser  shows  two  strong 
btinds.  which  tire  called  P,  and  P, .  I'hey  have 
been  assigned  to  exeiton-exeiton  collision  pro¬ 
cesses  |4..S].  In  contrast  to  the  heterostruetures. 
the  photolumineseenee  of  highly  excited  free- 
sttmding  ZnSe  Itiyers  (obitiinetl  tiller  a  speeially 
developed  etching  procedure  of  the  (ia,-\s  stib- 
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striitc)  depicts  an  additional  N  band  on  the  low 
energy  side  of  the  P  bands,  which  has  been  inter¬ 
preted  as  the  recombination  of  electron-hole 
pairs  in  an  electron-hole  plasma  (EHP)  [6].  This 
means  the  carrier  density  seems  to  be  higher  in 
layers  without  substrate  and  points  out  that  en¬ 
ergy  transfer  processes  are  present  in  the 
ZnSe/GaAs  heterostructures. 

In  this  paper  we  investigate  the  kind  of  energy 
transfer  processes  from  the  ZnSe  layer  into  the 
CiaAs  substrate  in  Zn.Se/GaAs  heterostructures. 
We  first  compare  the  luminescence  dynamics  of 
ZnSe/CiaAs  heterostructures  to  those  of  free¬ 
standing  ZnSe  layers  under  low  and  high  excita¬ 
tion  densities  with  ps  time-resolution.  After¬ 
wards.  we  investigate  the  dynamics  of  the  GaAs 
substrate  luminescence  upon  excitation  of  the 
ZnSe  epilaycr  to  distinguish  between  the  differ¬ 
ent  possible  energy  transfer  mechanisms  via  the 
interface  of  the  ZnSe /GaAs  heterostructure. 

2.  Experimental  setup 

All  ZnSe  samples  were  nominally  undoped 
Single-crystal  MBE  layers  with  thicknesses  of  1  to 
2  jum.  The  growth  conditions  on  (100)  undoped 
GaAs  substrates  have  been  described  in  an  ear¬ 
lier  publication  [7].  In  order  to  have  free-standing 
ZnSe  layers,  we  used  a  chemical  etching  proce¬ 
dure  of  the  (iaAs  substrate,  described  in  ref.  (4). 
I  he  samples  were  immersed  in  liquid  He  at  1.8 
K,  In  time-resolved  luminescence  experiments,  a 
dye-laser  synchronously  pumped  by  an  activeley 
mode-locked  frequency-tripled  NdiYAG  laser 
with  ps  pulse  duration  and  .7.8  MH/  repetition 
rate  excited  the  samples.  The  luminescence  tran¬ 
sients  were  detected  through  a  time-compensated 
double  monochromator  by  means  of  time-corre¬ 
lated  single  photon  counting  using  a  multi-chan- 
nel-plate  photomultiplier.  The  ps  laser  system 
yields  excitation  densities  up  to  .7.7(1  MW/cm’  in 
the  used  configuration.  The  luminescence  tran¬ 
sients  were  fitted  by  convolution  of  the  apparatus 
response  to  the  exciting  7  ps  laser  pulse  with  a 
sum  of  two  exponential  functions.  This  sum  de¬ 
scribes  the  investigated  transition  and  has  the  rise 
lime  7,,.,  anil  the  decay  time  7.,^.,  of  the  Iransi- 


time  (ps) 

I'ii;.  I.  1  .iimincMViKV  Iraiwii'nls  ol  Ihf  I’-  .iml  l^  tviiKK  in  Ihv 
cmlM^il>n  ol  ZnSc  (i.i.Xi  hcli'ioslnicUirL’>  in  ihc  I'Niilonic 
regime  uniler  high  banil-io-h.itul  exiilation  deiwities 
d.S,^  eV  and  -  .VSil  MW/enrl  with  a  p^  laser  sistein 
deserihed  in  ihe  le\l,  the  insert  shows  the  eorresnonding 
time-integrated  himineseenee  lor  the  same  experimental  eon- 
diiions 

tion  as  fitting  parameters.  I  his  convolution  tech¬ 
nique  allows  a  time  resolution  better  than  10  ps. 

3.  Time-resolved  results 

.(. /.  Z/i.SV  /  G't/.  I.v  heUTostniciitrcs 

l-'or  a  laser  energy  above  the  ZnSe  b;md  gap 
and  at  high  ps  excitation  densities  (  >  700 
MW/cm'),  the  time-integrated  luminescence  of 
ZnSe/CiaAs  heterostruelures  shows  two  strong 
bands  on  the  low  energy  side  of  the  excitonie 
regime  which  are  called  P,  and  P,  (see  insert  of 
I'ig.  I).  They  have  been  attributed  to  exciton-ex- 
citon  collision  proees.ses.  where  one  e.xciton  is 
scattered  in  an  upper  excitonie  polariton  branch 

in  ^  2 . x),  while  the  other  exeiton  is  scattered 

in  Ihe  lower  photonic  bnineh  under  energy  and 
momentum  conservation  and  is  then  detected  as 
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a  photon  leaving  the  crystal  [8].  Considering  the 
conservation  laws,  the  photon  detected  at  the 
energy  position  of  the  P,  band  steins  from  an 
exciton,  which  originates  from  the  neighbourhood 
of  the  bottleneck,  because  its  collision  partner 
has  been  scattered  in  the  n  =  2  polariton  branch. 
In  the  case  of  the  photon  detected  at  the  energy 
position  of  P,,,  it  has  a  lower  energy  than  the 
photon  of  the  P,  band,  and  therefore  originates 
from  an  exciton  which  is  more  distant  from  the 
bottleneck.  It  is  already  known  that  polaritons 
which  are  in  the  vicinity  of  the  bottleneck  of  the 
polariton  dispersion  curve  have  a  relatively  longer 
life  time  [9].  The  decay  time  of  the  P,  band 
(  =  110  ps)  is  found  to  be  greater  than  that  of  the 
P,,  band  (  =  90  ps)  (Fig.  1).  This  underlines  the 
correlation  of  the  polariton  dispersion  with  the 
decay  times  of  the  P  bands,  and  supports  the 
interpretation  of  these  bands  in  terms  of  e-xci- 
tonic  collision  processes. 

3.2.  Free-sumding  ZnSc  epHayers 

By  removing  the  GaAs  substrate,  a  relaxation 
of  the  strain  in  the  free-standing  ZnSe  layer  is 
obserxed.  Iherefore.  the  luminescence  and  ab¬ 
sorption  spectra  of  such  layers  depict  only  one 
degenerate  free  exciton  and  one  bound  c.xciton 
feature.  Time-resolved  measurements  show  that 
the  lifetime  of  the  free  exciton  in  those  free¬ 
standing  ZnSe  layers  ( =  200  ps)  is  much  longer 
than  that  in  a  ZnSe /GaAs  heterostructurc.  This 
means  that  the  strain  in  the  hcterostruclure  to¬ 
gether  with  the  interface  defects  and  disUK'ations 
actually  reduce  the  lifetime  of  free  excitons. 

The  luminescence  transient  of  the  P,  band 
depicted  in  Fig.  2  has  a  decay  of  170  ps.  The 
decay  of  the  P,  band  has  been  measured  at  the 
same  sample  and  amounts  to  1 10  ps:  In  both 
cases,  we  see  that  the  luminescence  of  the  P 
bands  behaves  similarly  to  the  free  exciton  lumi¬ 
nescence  having  longer  decay  times  in  free-stand¬ 
ing  ZnSe  layers  than  those  in  ZnSe /GaAs  het¬ 
erostructures.  This  is  again  consistent  with  the 
interpretation  of  the  high-density  P  bands  as  exci¬ 
ton -exciton  collision  proce.sses. 

I'he  time  integrated  luminescence  spectrum  ()f 
free-standing  ZnSe  layers  shows  an  additional  N 


time  (ps) 

2.  I.iiminc.'.ccni.e  IninsiL’iil'  nt  the  N  ;inil  Isirnl  in  the 
emission  ol  highly  cuitcil  liec-standing  ZnSc  layers  tor  the 
same  laser  energy  as  in  F'lg.  I  and  with  /„  =  .\s(l  MW  em'. 
I'he  insert  depicts  the  corresponding  lime  integrated  lumines¬ 
cence. 

band  for  e.xeitaiion  densities  above  .')()()  MW/cni’ 
(see  insert  in  Fig.  2).  which  has  been  interpreted 
in  terms  of  electron-hole  plasma  recombination 
[(>].  As  the  N  band  superimposes  the  P>  band,  the 
theoretical  fit  of  the  N  transient  contains  an 
exponential  part  of  about  5()''f  decaying  with  the 
corresponding  170  ps.  The  remaining  ex¬ 

perimental  transient  of  the  N  luminescence  band 
(Fig,  2)  can  only  be  fitted  by  a  hyperbolic  decay 
function  (7^  ,^^  =  70  ps)  with  deconvolution  of  the 
luminescence  transient,  which  actually  corre¬ 
sponds  to  an  FFIP  luminescence  decay  process 
[10].  At  even  higher  excitation  densities  we  regis¬ 
ter  that  the  transient  of  the  N  band  shows  a  very 
fast  decay  time  of  about  10  ps,  which  indicates 
the  beginning  of  stimulated  emission  processes. 

3.3.  Fiurgy  iran.sfer  processes  in  ZnSe  /  CntAs  epi- 
laycrs 

The  fact  that  an  FIHP  can  be  built  up  only  in  a 
free-standing  ZnSe  layer  and  not  in  a  ZnSe /GaAs 
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heterostructure  demonstrates  that  the  carrier 
density  is  limited  in  a  ZnSe/GaAs  heterostruc¬ 
ture.  To  show  that  ambipolar  carrier  diffusion 
actually  takes  place  via  the  interface,  we  use  the 
GaAs  luminescence  as  a  detector  to  investigate 
the  excitation  mechanism.  When  a  band-to-band 
excitation  of  the  ZnSe  layer  of  a  ZnSe/GaAs 
heterostructure  is  applied,  we  observe  the  lumi¬ 
nescence  of  both  ZnSe  and  GaAs,  which  means 
that  an  excitation  of  the  GaAs  substrate  is  pre¬ 
sent.  For  the  used  excitation  energy,  the  laser 
light  is  strongly  absorbed  in  the  first  0.1  fim  of 
the  ZnSe  layer  (a  ~  10’  cm  '  [1 1]).  and  cannot 
be  the  source  of  the  excitation  in  the  GaAs 
substrate. 

Actually  we  have  to  consider  two  main  types  of 
excitation  mechanisms  in  order  to  explain  the 
observed  excitation  of  the  GaAs  substrate  (see 
Fig.  3): 

(I)  Excitation  by  light  transfer:  the  emitted  ZnSe 
luminescence  light  is  absorbed  in  the  GaAs  sub¬ 
strate  and  creates  electron-hole  pairs,  which  then 
recombine.  In  this  case  the  GaAs  luminescence 
transient  has  to  be  fitted  by  convolution  of  the 
corresponding  ZnSe  luminescence  transient  with 
a  two-exponential  function  (describing  the  inves¬ 
tigated  transition  in  GaAs). 


Fig.  4.  Luminescence  transients  ol  the  blue  emission  of  the 
ZnSe  layer  and  the  red  emission  of  the  Ga.Xs  substrate  in  the 
excitonic  regime  under  band-to-band  e.xcitation  with  =  III 
MW/emv  The  insert  shows  both  types  ol  lime-integrated 
luminescence  detected  simultaneously.  The  full  curses  are  the 
fils  obtained  from  convolution  lechnigues  described  in  the 
text. 


ZnSe  GaAs 


laser 


.V  Schcmaliciil  presentation  ol  the  dificrcnl  kinds  of 
excitation  of  the  OaAs  suhsirate.  The  laser  excilcs  the  ZnSe 
layer  with  an  energy  greater  than  the  band  gap  and  is  com¬ 
pletely  absorbed.  In  process  (1).  the  ZnSe  layer  emits  blue 
light  with  Its  proper  dynamics,  which  transfers  into  the  (iaAs 
substrate,  where  it  causes  an  excitation  of  the  substrate.  In 
process  (2).  the  phoiogenerated  carriers  at  the  surface  of  the 
ZnSe  layer  dittusc  into  the  CJaAs  substrate  and  cause  there  an 
excitation.  The  tinie-resolved  (iaAs  luminescence  allow  us  to 
determine  which  excitation  process  is  predominant. 


(2)  Excitation  by  free  carriers,  which  diffuse  am- 
bipolarly  from  the  ZnSe  layer  into  the  GaAs 
substrate;  this  process  is  favoured  by  the  specific 
band  offset  structure  of  the  heterostructure  of 
type  I  [12].  There,  we  expect  that  this  type  of 
excitation  starts  delayed  at  a  time  given  by  the 
ambipolar  diffusion  of  the  photogenerated  carri¬ 
ers  through  the  1-2  /am  ZnSe  layers.  In  this  case 
the  GaAs  transient  has  to  be  fitted  by  convolu¬ 
tion  of  the  sum  of  two  exponential  functions  with 
given  rise  and  decay  times  with  the  apparatus 
response  and  taking  into  account  the  occurring 
delay  time. 

The  insert  of  Fig.  4  shows  the  time  integrated 
luminescence  spectra  in  the  excitonic  ranges  of 
the  ZnSe  layer  and  of  the  GaAs  substrate  under 
low  excitation  densities  of  the  layer  =  2.8.') 
eV  and  4,^.  =  10  MW/cm’).  The  simultaneous 
detection  of  both  types  of  luminescence  is  possi¬ 
ble  under  the  same  experimental  conditions,  be- 
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Fig.  (a)  Luminescence  transient  of  the  emission  of  the 
CiaAs  substrate  detected  by  band-to-band  excitation  of  the 
ZnSe  layer  in  a  heterostructure  at  high  excitation  densities 
( /^.^^  =  .1  .■'I )  MW/enf).  (c)  calculated  (iaAs  luminescence 
transient  if  light  transfer  is  assumed  as  the  excitation  process 
iind  timounts  to  .V)'^ .  (b)  calculated  transienl  if  the  excUafism 
takes  place  through  carrier  diffusion  and  amounts  to  7(I'V. 


cause  the  red  luminescence  of  the  GaAs  sub¬ 
strate  pttsses  undisturbed  through  the  ZnSc  layer. 
Fig.  4  depicts  the  corresponding  transients  of  the 
bound  exciton  luminescence  maxima  of  ZnSe  (a) 
and  of  GaAs  (b).  The  predominant  luminescence 
of  ZnSe  (1,)  decays  within  l.'iO  ps.  The  bound-ex- 
citon  luminescence  transient  of  GaAs  can  be 
fitted  very  good  by  convolution  of  the  recorded  I  - 
transient  (and  not  the  apparatus  response  of  the 
laser  pulse)  with  a  two-exponential  funtion 
<  00  ps  and  =  .450  ps).  This  indicates  that 

here  the  light  transfer  is  the  only  responsible 
excitation  mechanism  of  the  GaAs  substrate. 

I'or  excitation  densities  above  .4(K)  MW/cm’. 
the  excitation  mechanism  of  the  GaAs  obviously 
changes:  The  recorded  transients  of  the  GaAs 
luminescence  cannot  be  fitted  if  we  assume  only 
light  transfer  between  layer  and  substrate.  In  Fig. 
5  we  show  the  transient  of  the  GaAs  lumines¬ 
cence  in  the  excitonic  range  at  its  energetic  maxi¬ 


mum  (a).  In  order  to  fit  properly  the  GaAs  tran¬ 
sient  we  have  to  consider  two  components: 

The  first  one  is  depicted  by  curve  (c)  and 
represents  the  part  of  the  light  transfer  (about 
.40%),  which  is  obtained  by  convolution  of  the 
corresponding  ZnSe  lumine.sccnce  transient  with 
a  two-exponential  function  (t„.„^^<H()  ps  and 
7-dccx.y  =  -‘'f’O  ps)- 

The  second  part  is  depicted  by  curve  (b)  and 
represents  the  part  of  the  carrier  diffusion  (about 
70%).  This  part  results  from  convolution  of  the 
apparatus  response  to  a  delta-like  excitation  (e.g. 
the  .4  ps  laser  pulse)  with  a  two-exponential  fun¬ 
tion  with  the  same  rise  and  decay  times  ( <  SO 
ps  and  =  5b()  ps).  However,  we  have  to 

consider  an  additional  delay  time  of  about  ISO  ps 
for  the  fit  (b)  in  order  to  reach  a  fit  of  the  GaAs 
luminescence  transient  (a),  as  the  sum  of  curve(b) 
and  curve  (c).  This  delay  time  can  be  understood 
as  the  time  needed  for  the  carriers  to  reach  the 
substrate.  With  a  thickness  of  about  2  jutti  and  a 
registered  delay  time  of  IW)  ps.  we  obtain  a 
diffusion  velocity  of  1.2  x  lO"  cm  s  '  correspond¬ 
ing  to  results  obtained  in  CdS  bulk  crystals  [1.4]. 
With  these  results,  we  prove  that  at  high  excitti- 
tion  densities,  the  ambipolar  carrier  diffusion  via 
the  intcrfiice  plays  ;tn  increasing  role,  in  addition 
to  the  light  transfer. 

In  this  paper,  we  demonstrate  that  above  a 
certain  high  excitation  density  (  >  .400  MW/cm’), 
carrier  diffusion  via  the  interface  of  ZnSe/GaAs 
hctcrostructure  becomes  important,  which  repre¬ 
sents  an  energy  loss  in  the  ZnSe  layer.  In  this 
context,  it  explains  why  an  EHP  cannot  be  built 
up  in  those  heterostructures.  Flowever.  if  we  con¬ 
sider  that  the  decay  time  of  the  EHP  (  =  100  ps) 
is  shorter  than  the  diffusion  time  of  the  carriers 
through  the  ZnSe  layer  (=  IW)  ps).  it  should  be 
possible  to  see  plasma  luminescence  ;ilso  in  the 
ZnSe/GaAs  heterostructure.  As  this  is  not  the 
case,  we  take  intt)  account  additional  mechanisms 
which  prevent  the  carrier  density  from  increasing. 
As  greater  decay  times  of  the  P  bands  are  mea¬ 
sured  in  the  free-standing  ZnSe  layer,  this  shows 
that  the  strain  situation  in  ZnSe/GaAs  het¬ 
erostructure  actually  reduces  the  decay  times, 
which  represents  also  a  competing  process  reduc¬ 
ing  the  carrier  density. 
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Abstract 

Polarization  dependent  dephasing  nieasurements  are  performed  in  inhomogeneously  broadened  Cd,Zn,  , 
Te/ZnTe  multiple  quantum  wells  at  low  and  high  exciion  densities.  At  low  temperature  and  density  the  self-dif¬ 
fracted  signal  when  the  beams  are  cross-polarized  is  much  weaker  than,  and  decays  much  faster  than,  the  signal 
obtained  when  the  beams  are  co-polarized.  At  high  densities  the  signal  strengths  become  the  same.  A  model  is 
proposed  to  explain  the  results.  Wc  find  that  the  dynamics  of  a  small  subset  of  excitons  which  are  created  in  a 
spatially  bunched  manner  can  be  probed  by  cross  polarizing  the  beams. 


Exciton  dynamics  in  quantum  wells  have  been 
examined  extensively  over  the  last  decade  [l.-J- 
Four-wave  mixing  is  a  powerful  trx)!  for  this  work 
and  has  been  applied  in  a  wide  variety  of  ways,  to 
measure  many  different  aspects  of  cxciton  dy¬ 
namics  such  as  recombination  times  [,1],  diffusion 
times  [4],  dephasing  times  [.‘i.bl,  and  spin  related 
phenomena  [7].  Many  of  the  systems  studied  are 
partly  disordered  due  to  imperfect  interfaces  and 
alloying,  and  in  such  systems  ItKalization  effects 
become  important.  While  a  growth  in  the  under¬ 
standing  of  exciton  dynamics  in  such  disordered 
systems  has  taken  place,  much  of  this  work  has 
been  on  III-V  materials  and  comparison  with 
II -VI  and  other  materials  should  be  useful.  Stud¬ 
ies  have  been  carried  out  on  the  dependence  of 
the  four-wave  mixing  signal  on  pump  beam  polar- 
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izations  [8].  It  has  been  observed  that  the  nature 
of  the  response  is  fundamentally  different  for  the 
situations  where  the  polarizations  of  the  beams 
are  co-  or  cross-1  inearly  polarized.  In  this  paper 
wc  describe  self-diffraction  experiments  per¬ 
formed  under  various  laser  beam  polarization 
conditions  on  excitons  in  Cd,Zn,  , Te/ZnTe 
quantum  wells,  at  low  and  high  cxciton  densities. 
Using  this  technique,  new  aspects  of  the  exciton 
dynamics  can  be  expo.sed.  In  particular  we  find 
that,  for  low  cxciton  densities  and  low  tempera¬ 
tures,  the  magnitude  and  the  decay  time  of  the 
self-diffracted  signal  are  much  smaller  for  per¬ 
pendicularly  polarized  beams  than  for  parallel 
beams.  Similar  effects  have  been  observed  in 
other  semiconductor  systems  [8]  although  they 
arc  not  observed  in  other  types  of  inhomoge- 
ncously  broadened  .systems,  such  as  doped  glasses, 
A  model  is  proposed  which  explains  the  observed 
behaviour. 
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The  samples  used  in  this  work  contain  fifteen 
periods  of  50  A  thick  Cd  ,  Zn ,  ,Te  strained  wells, 
separated  by  100  A  ZnTe  barriers  grown  on  a 
GaAs  substrate  with  a  2  /^im  ZnTe  buffer  layer 
for  strain  relief.  The  excitons  in  these  wells  are 
inhomogeneously  broadened  to  a  linewidth  (T,) 
of  10  meV  full  width  at  half  maximum  due  to 
fluctuations  in  the  thickness  of  the  well  and  to 
the  alloy  nature  of  the  wells.  In  comparison,  the 
homogeneous  linewidth  (T^)  at  7=4.2  K  at  an 
exciton  density  in  each  well  of  5  X  10''  excitons/ 
cm-  is  70  /icV  and  the  laser  linewidth  (7, )  is 
=  1  meV.  This  situation  is  shown  schematically  in 
Fig.  1.  The  inhomogeneity  of  the  transition  is 
central  to  the  effects  we  observe.  Also  shown  in 
Fig.  I  are  the  quantum  numbers  associated  with 
the  conduction  and  valence  band  states  involved 
in  exciton  transitions  in  an  ideal  semiconductor. 
The  optically  active  exciton  states  are  denoted  by 
\  +  1)  =  I  -  1/2)  and  I  -  1)  = 

I  -3/2.  -I- 1/2).  Some  authors  have  claimed  that 
these  states  are  mixed  by  disorder  induced  effects 
in  the  crystal  [8]. 

The  experiments  are  performed  using  =  4  ps 
dye  laser  pulses  and  are  carried  out  in  a  Flc  bath 
cryostat  at  temperatures  between  4  K  and  ,5()  K. 

As  in  the  normal  self-diffraction  geometry  the 
laser  beam  is  split  in  two.  one  beam  delayed  with 


Delay  Ips) 


Fig.  2.  Decay  of  the  diffracted  intensity  for:  (al  co-circularly 
polarized  beams;  (b)  co-linearly  (•)  and  cross-linearly  (  ) 
polarized  beams  al  low  exciton  density  (.Sx  It)''  excilons/cm'); 
(cl  same  as  (b)  except  the  exciton  density  is  high  (...Sx  lO" 
excitons /cm- ). 
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Fig.  I.  (a)  Schematic  representation  of  the  relative  magnitudes 
of  the  various  linewidths.  (b)  Fnergy  level  scheme  for  an  ideal 
semiconductor:  1  +  1 )  and  I  -  1 )  excitons  arc  made  up  from 
these  electron  and  hole  stales. 


respect  to  the  other,  and  the  beams  recombined 
on  the  sample.  The  first  pulse  imparts  its  coher¬ 
ence  to  the  excitons  it  creates.  A  grating  will 
result  only  if  this  exciton  polarization  has  not  lost 
its  coherence  on  arrival  of  the  .second  puLse.  By 
varying  the  delay  between  the  two  pulses  and 
monitoring  the  strength  of  the  diffracted  signal, 
the  coherence  time  of  the  excitons  can  be  mea¬ 
sured. 

The  exciton  peak  in  this  sample  at  4.2  K  is  at 
2.1  cV  and  the  la.ser  is  tuned  2  meV  below  the 
peak  for  the  dephasing  measurements  described 
below.  Previous  measurements  have  shown  that 
the  dephasing  time  of  the  excitons  does  not  vary 
rapidly  across  the  inhomogeneous  profile  in  these 
samples  [5].  Fig.  2a  shows  the  diffracted  signal 
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versus  delay  between  the  pulses  for  the  case  of 
eo-cireularly  polarized  beams  (</■",  <r  '  ).  The  de¬ 
cay  time  of  this  signal  is  5.3  ps  which  translates, 
assuming  inhomogeneous  broadening,  to  a  de¬ 
phasing  time  of  21.2  ps.  When  the  two  beams  are 
circularly  polarized  in  the  opposite  sense  (<r  \  <r  ) 
then  no  diffracted  signal  is  observed  from  our 
sample.  This  indicates  that  there  is  not  any  coher¬ 
ent  mi.xing  between  the  spin  states  in  these  mate¬ 
rials.  If  the  states  were  mi.xed  due  to.  e.g.,  disor¬ 
der  in  the  system,  or  biexcitons,  then  using  oppo¬ 
sitely  circularly  polarized  beams  should  result  in 
the  formation  of  a  grating  and  thus  in  a  diffracted 
signal. 

Fig.  2b  shows  the  result  for  parallel  and  per¬ 
pendicular  linearly  polarized  beams  at  low  exci- 
ton  densities  (  =  5x  Hi'*  excitons/cm’).  For  the 
parallel  case,  the  signal  again  decays  with  a  time 
constant  similar  to  the  co-circularly  polarized 
case.  However  when  the  beams  arc  ertrss- 
polarized  the  decay  becomes  faster  than  our  sys¬ 
tem  resolution.  <  2  ps.  Also,  the  signal  strength 
in  this  case  is  ®  Id'  weaker  than  in  the  parallel 
case.  These  results  leave  two  questions  to  be 
answered:  ( 1 )  Why  does  the  observed  decay  time 
of  the  self-diffracted  signal  depend  on  the  rela¬ 
tive  linear  polarizations  of  the  two  beams?  and 
(2)  Why  does  is  the  strength  of  the  signal  depend 
on  the  relative  polarizations? 

In  addressing  these  questions,  it  is  useful  to 
Knrk  first  at  what  happens  when  the  exciton  den¬ 
sity  is  increased.  Fig.  2c  shows  the  results  for 
linearly  parallel  and  perpendicular  polarizations 
at  a  much  higher  exciton  density  of  2.5  X  10" 
excitons/cm’.  The  strengths  of  the  two  signals 
are  now  very  similar  and  the  time  decay  in  both 
cases  is  le.ss  than  the  system  resolution.  The  re¬ 
duction  of  the  decay  time  in  the  parallel  case  is 
due  to  exciton-e.xciton  collisions  which  become 
the  main  dephasing  mechanism  when  the  exciton 
density  is  increased  to  these  levels  [9]. 

The  explanation  of  the  results  lies  in  the  rela¬ 
tive  magnitudes  of  the  homogeneous,  inhomoge¬ 
neous.  and  laser  linewidths  (sec  Fig.  1)  and  the 
nature  of  the  exciton  nonlinearities.  Without  de¬ 
scribing  in  detail  the  nature  of  excitonic  nonlin¬ 
earities  in  semiconductors  [10).  we  can  divide  the 
exciton  nonlinearity  into  two  broad  classes:  (I) 


resonant  nonlinearities,  of  strength  R.  which  are 
due  to  excitons  with  the  same  energy,  spin,  and 
spatial  position  (this  type  of  nonlinearity  is  often 
referred  to  as  phase  space  blocking);  (2)  non-res¬ 
onant  nonlinearities,  of  strength  NR.  which  occur 
when  some  of  the  above  characteristics  are  not 
the  same,  e.g.  if  the  excitons  have  different  spin 
or  different  energy.  Coulomb  screening,  band  gap 
renormalization  and  exciton  induced  dephasing 
(EID)  are  all  examples  of  this  latter  class. 

The  four-wave  mixing  signal  at  a  given  energy 
will  depend  on  the  relative  strengths  of  these 
different  types  of  nonlinearities.  The  exciton 
states  I  -I-  1 )  and  I  —  1 )  arc  coupled  to  the  ground 
state  by  circularly  polarized  photons  and  ir '  and 
(r  \  The  linearly  polarized  photons  are  made  up 
from  combinations  of  circularly  polarized  photon 
states.  Photons  polarized  along,  say.  the  ,v-axis 
can  be  described  as  (r'  +  a  .  while  photons  po¬ 
larized  along  the  .v-axis  are  described  by  a '  -  ir 
(.V-  and  y-axis  are  both  in  the  plane  of  the  well). 
For  parallel  polarized  beams  the  1  -i-  I )  and  I  -  1) 
gratings  arc  overlapped  spatially  while  for  per¬ 
pendicularly  polarized  beams  the  gratings  are 
spatially  out  of  phase  (see  Fig.  3).  The  diffraction 
of  <r"  light  from  a  a  ir  grating  is  due  to  the 
nonresonant  nonlinearities  described  above  and 
thus  has  strength  NR.  Diffraction  of  rr*  light 
from  a  ir‘cr'  grating  has  both  resonant  and 
nonresonant  components  and  thus  has  strength 
R  -I-  NR.  I'he  reverse  is  true  for  a  light. 


I- 1  t,'  I;  !.• 

I-1>VW\  |-1>V'V\A 

F'ig.  3.  Upper  par!  shows  self-Jitfraclion  experimental  set  up 
and  f:>  arc  the  electric  field  vectors  of  the  beams  When 
(bottom  left)  the  gratings  for  the  I  +  l>  and  i  -  1> 
transitions  are  in-pha.sc  spatially  while  for  A',  i  -ft';  (bottom 
right)  they  are  oul  of-phasc  spatially. 
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F-or  parallel  polarized  beams,  because  the  grat¬ 
ings  are  in  phase,  the  resulting  signal  strength  is 
the  sum  of  the  aFiove  contributions: 

parallel  signal  =  R  +  1  NR.  ( I ) 

For  perpendicular  beams,  the  gratings  are  out  of 
phase  and  the  total  diffracted  strength  is  the 
difference  of  the  two: 

perpendicular  signal  =  R-(-NR-NR  =  R.  (2) 
I'he  ratio  of  the  parallel  to  perpendicular  signals 
can  therefore  be  seen  to  depend  on  the  relative 
importance  of  the  terms  R  and  NR. 

At  low  temperatures  and  low  exciton  densities 
the  homogeneous  linewidth  of  the  excitons  is  less 
than  the  laser  linewidth.  In  this  case  most  of  the 
nonlinear  interaction  is  non-resonant  and  so  NR 
>  R.  This  explains  why  the  signal  in  the  cross- 
polarized  case  is  much  less  than  in  the  co¬ 
polarized  case.  The  deeay  of  the  signal  in  the 
co-polarized  case  reflects  dephasing  due  to  a 
combination  of  acoustic  phonon  scattering  and 
scattering  off  the  disorder  in  the  system.  The 
signal  observed  in  the  cross-polarized  case  has  a 
different  decay  and  reflects  the  different  dynam¬ 
ics  of  a  subset  t)f  the  exciton  population.  The 
signal  in  this  case  is  due  to  excitons  created  very 
close  together  in  space,  which  scatter  off  each 
other  very  quickly.  The  short  decay  time  of  the 
signal  in  this  case  illustrates  that  the  homoge¬ 
neous  linewidth  of  these  particular  excitons  is 
comparable  to,  or  greater  than,  the  laser 
linewidth.  The  implied  existence  of  inhomoge¬ 
neous  and  homogeneous  resr)nances  at  the  same 
energy  is  a  result  of  the  disorder  in  the  system 
and  non-uniform  creation  of  excitons  spatially. 
The  creation  of  excitons  in  small  spatial  sub¬ 
groups  leads  to  rapid  FID  which  broadens  the 
linewidth  of  such  excitons  such  that  all  groups 
overlap  in  energy  (within  the  laser  linewidth).  In 
this  way  the  response  of  exciton  grt)ups  is  homo- 
genet)us  in  nature.  On  the  other  hand  spatially 
separated  excitons  have  no  lilD  so  that  inhomo¬ 
geneous  broadening  dominates. 

When  the  exciton  density  is  increased,  as  shown 
earlier,  the  magnitude  of  the  two  signals  becimie 
closer  together.  At  high  densities  the  scattering  is 
due  to  exciton-exciton  scattering  and  becomes 
very  rapid  I*)).  The  homogeneous  linewidth  t>f  the 


excitons  broadens  and  becomes  similar  to  the 
laser  linewidth.  In  this  case  the  dominant  signal  is 
due  to  the  R  component  of  the  nonlinearity  and 
St),  in  terms  of  our  model,  it  becomes  clear  why 
the  difference  in  the  parallel  and  perpendicular 
signal  strengths  is  reduced.  It  should  be  noted 
that  at  high  intensities  FID  saturates  in  purely 
homogeneously  broadened  transitions  [11];  how¬ 
ever.  at  such  intensities  the  dephasing  rate  is 
already  high. 

It  can  be  seen  that  all  e.xcitons  arc  not  created 
equal.  The  response  of  a  set  of  excitons  that  are 
created  in  a  bunched  manner  in  certain  regions 
of  the  crystal  is  masked  by  the  response  of  the  far 
greater  number  of  excitons  which  are  spatially 
separated.  This  minority  of  excitons  can  only  be 
probed  by  performing  dephasing  measurements 
with  cross-polarized  beams. 

Cundiff  and  Steel  [H]  have  performed  extensive 
polarization  dependent  measurements  on  GaAs/ 
AIGaAs  quantum  well  samples  where  they  have 
time  resolved  the  diffracted  signal  in  a  three-beam 
experiment.  With  parallel  polarized  beams  they 
see  an  emission  delayed  with  respect  to  the  sec¬ 
ond  pulse:  this  is  a  photon  echo  and  is  the  ex¬ 
pected  response  from  an  inhomogeneously  broad¬ 
ened  system.  When  they  perpendicularly  polarize 
the  beams,  the  emission  becomes  prompt.  This  is 
a  free  polarization  decay  and  is  the  signature  of  a 
homogeneously  broadened  transition.  The  de¬ 
phasing  times  measured  in  the  two  cases  and  the 
relative  magnitudes  of  the  signals  behave  in  a 
manner  similar  to  what  we  have  observed  in 
t'd,Zn|  .I'e/Znl'e.  They  interpret  their  result 
of  the  co-existence  of  homogeneously  and  inho¬ 
mogeneously  broadened  resonances  at  the  same 
energy  as  evidence  for  the  existence  ))f  localized 
and  delocalized  excitons  at  the  same  energy,  a 
result  which  was  not  expected.  They  also  invoke  a 
model  of  spin  mixing  of  the  exciton  states  due  to 
biexcitons  to  explain  their  results. 

We  note  that  our  model  is  simpler;  we  do  not 
resort  to  biexcitonic  effects.  While  we  also  imply 
the  co-existence  of  homogeneously  and  inhomo¬ 
geneously  broadened  resonances  at  the  same  en¬ 
ergy.  we  do  not  interpret  this  result  in  terms  of 
the  localization  and  delocalization  of  the  exci- 
lons. 
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In  summary,  we  have  studied  the  polarization 
dependence  of  the  self-diffracted  signal  from  ex- 
citons  in  Cd^Zn|_,Te/ZnTe  quantum  wells.  The 
magnitude  and  decay  time  of  the  signal  was  found 
to  depend  on  the  relative  polarization  of  the 
beams  in  a  manner  that  depends  on  the  exciton 
density  in  the  wells.  We  propose  a  straightfor¬ 
ward  model  for  explaining  these  results  which 
relies  on  the  different  types  of  nonlinearities  that 
the  excitons  experience  and  on  the  relative  mag¬ 
nitude  of  the  laser  linewidth  and  the  homoge¬ 
neous  linewidth  of  the  excitons.  In  terms  of  this 
model  we  find  that  the  dynamics  of  a  small  subset 
of  excitons  that  are  created  in  spatially  bunched 
regions  can  be  observed  by  cross-polarizing  the 
beams. 
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Abstract 

Time-rcsoivcd  photolumincsccncc  measurements  on  CdTc/(Cd,Zn)Tc  asymmetric  double  quantum  wells  (AD- 
QWs)  with  electron  and  hole  confinement  potentials  of  some  tens  of  meV  arc  reported.  The  carrier  transfer  from 
the  narrow  into  the  wide  well  is  evidenced  by  photolumincscence  decay  times  of  the  narrow  well  as  short  as  a  few 
picoseconds.  The  observed  tunneling  times  depend  strongly  upon  the  barrier  and  well  widths  of  the  investigated 
samples  which  determine  the  relative  position  of  spatial  direct  and  cross  exciton  transitions.  Very  efficient  tunneling 
is  found  in  ADQWs  in  which  the  transfer  of  spatial  direct  cxcitons  under  emission  of  LO  phonons  is  possible.  In  any 
case,  one  has  to  consider  excitonic  rather  than  single  particle  electron  or  hole  states  in  order  to  explain  the  observed 
behaviour  of  the  tunneling  times. 


1.  Introduction 

Asymmetric  double  quantum  wells  (ADQWs) 
consisting  of  a  narrow  and  a  wide  quantum  well 
separated  by  a  single  barrier  are  well  suited  .sys¬ 
tems  for  the  investigation  of  tunneling  in  semi¬ 
conductor  heterostructures.  Photolumincscence 
experiments  with  picosecond  time  resolution  al¬ 
low  the  study  of  the  carrier  transfer  dynamics  via 
tunneling  by  an  analysis  of  the  decay  and  rise 
behaviour  of  the  emitting  narrow  well  (NW)  and 
the  collecting  wide  well  (WW),  respectively. 

The  sub-millimeter  radiation  emitted  by  an 
electron  wave-packet  coherently  oscillating  bc- 
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tween  two  resonantly  coupled  QWs  is  a  direct 
manifestation  of  tunneling  which  has  recently 
been  detected  [Ij.  Further  applications  of 
ADQWs  are  tuneable  lasers  [2]  or  optical  ab¬ 
sorbers  with  ultra-fast  recovery  times  [3].  The 
knowledge  of  minority-carrier  tunneling  times  is 
also  of  importance  for  the  operation  of  perpen¬ 
dicular  transport  devices  (e.g.  light  emitting  tun¬ 
nel  diodes)  [4]. 

GaAs/CAl.GalAs  is  the  most  widely  studied 
material  system  in  which  resonant  and  non-rcso- 
nant  tunneling  of  electrons  and  holes  has  been 
observed  [5].  From  a  more  fundamental  point  of 
view,  resonant  electron  tunneling  has  been 
demonstrated  to  occur  via  excitonic  states,  i.c. 
that  the  tunneling  process  can  be  understood  as  a 
transfer  from  a  direct  NW  exciton  into  a  "cross” 
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cxciton  made  up  of  the  WW  electron  and  the  NW 
heavy  hole  [6].[7].  Indeed,  in  ADQWs  with  strong 
carrier  confinement  such  as  GaAs/(AI.Ga)As  [8] 
or  CdTe/(Cd.Mn)Te  [9]  holes  are  believed  to 
tunnel  much  slower  than  electrons  due  to  the 
different  effective  masses.  Tunneling  of  excitons 
as  an  entity  has  not  been  reported  yet. 

In  the  low-confinement  system  CdTe/ 
(C'd.Zn)Te  the  valence  band  discontinuity  equals 
the  exciton  binding  energy  for  a  Zn  concentration 
-v  <0.18.  This  has  led  to  the  picture  of  an  addi¬ 
tional  hole  confinement  through  Coulomb  attrac¬ 
tion  by  an  electron  [10].  In  the  .same  respect  the 
observation  of  the  excitonic  centre -of-mass 
wavevector  rather  than  of  single  particle  states 
[II]  emphasize  the  importance  of  excitonic  bind¬ 
ing.  Furthermore,  heavy  holes  are  expected  to 
have  tunneling  times  similar  to  electrons  since 
the  heavier  effective  mass  is  almost  compensated 
by  the  much  lower  valence-band  discontinuity. 
Let  us  finally  recall  that  due  to  strain  effects,  the 
light-hole  /'„  hand-edge  is  split-off  in  the  CdTe 
QW  from  the  heavy  hole  band-edge  by  =  50  meV 
leading  to  a  type-1 1  confinement  of  light  hole  in 
the  (Cd,Zn)Te  barrier  [12].  Mixing  of  hole  states 
should  therefore  not  he  important  for  tunneling. 


2.  Samples  and  experimental  details 

The  ADQWs  investigated  here  are  grown  by 
MBE  on  a  (100)  Cd||,,^Zn|imTe  substrate.  A 
Cd|_  ,Zn,  re  buffer  layer  of  2  /cm  thickness  de¬ 
termines  the  lattice  constant  of  the  strained 
ADQW.  The  latter  consists  of  a  narrow  Cd  Te 
layer  of  thickness  a  Cd,  _ ,  Zn  ,Te  barrier  with 
thickness  and,  finally  a  wide  CdTe  QW  ( ). 
The  Zn  concentration  .v  ranges  between  0.13  and 
0.18  depending  on  the  growth  run.  The  intention¬ 
ally  undoped  structures  arc  capped  by  a  thin 
CdTe  layer  (  <  KM)  nm).  The  samples  are  labelled 
^n/^h/^w  hereafter,  the  actual  thicknesses 
(determined  by  RHEED  oscillations)  being  com¬ 
piled  in  Table  I.  The  band-diagram  accounting 
for  strain  effects  and  the  confinement  levels  arc 
displayed  in  Fig.  1. 

For  the  time-resolved  photoluminescence 
(TRPL)  measurements,  the  samples  were  excited 
by  the  5  ps  pulses  of  a  synchronously  pumped 
Styry  l  8  dye  laser  or  by  a  mode-locked  Ti ;  sap¬ 
phire  laser.  The  excitation  density  estimated  to 
he  below  10"'  cm  ■  per  pulse  was  low  enough  to 
avoid  space  charge  effects.  The  PL  was  dispersed 
in  a  0.32  m  monochromator  (resolution  5  A)  and 
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Fig.  I  Band  diagram  <i(  Ihe  AOOW  striicliiti.s  in  griiaili 
Llirecliiin  r  representing  the  eleelron  and  heave  hole  eonline- 
menl  energies  c^.  vvi.  hh».,.  and  hh^^  and  ihe  ihieknesses  ol 
the  C  dTe  quantum  wells  and  (C'd.ZntTe  barrier 

C'haraeteristie  times  are  the  tunneling  lime  r,  and  the  e\ei- 
tiinie  lil'elimes  r^  and  in  narrnw  and  wiile  well,  respee- 
lively.  The  dadied  line  is  the  lighl-hiiL'  ealenee  hand  inilenlial 
showing  type-ll  eonlinemeiil. 


delcflL’d  hy  q  lwo-dim<  n.sion;il  synchrose';.n  stredik 
camera  with  an  S2(t  cathode.  The  limit  ot  the 
measured  FI.  decay  time  was  7  ps.  The  sample 
temperature  was  varied  between  10  and  70  K  in  a 
cold-tinger  cryostat. 


3.  Experimental  results 

In  the  lollowing.  w  will  locus  on  low-tempcra- 
ture  I'kPl,  res  tits  since  the  steady-state  proper¬ 
ties  of  the  investigated  .ADOWs  are  described  in 
a  previous  paper  [13].  Complementary  data  arc 
presented  here  obtains  o  on  new  .\D(3\\s  for 
which  the  well  widths  have  been  changed,  keep¬ 
ing  the  barrier  thickness  constant  at  rougliK  /.„ 
-  110  A.  I  he  carrier  transfer  from  the  NV\  into 
the  WW  is  exhibited  by  the  NW  photolumincs- 
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I  !>:.  2.  Decay  hchay imir  al  /  M)  K  ‘»t  NW  i  )  ami  WW  <■)  phtiU>lumiiic>ccncc  in  a  scini-loe  pint  Un  yamnis  '•ami'l*  • 
f  s  l-ir'f  w  A).  The  iiicrciisc  <»I  Ihc  NW'  tJcc.iy  liinc  r  uilh  iiicrvasinj*  harrier  !hKkne''S  /  „  (.1  ‘  h)  aiui  with  incieaMni:  h.uin.’ 
heijihl  (larmier  NW  yyidlh  c  ^  i^  ylcnn»nslra!etl  See  tliNCiivsion  ol  Uiiinehn^’  inne's  in  Ihe  le\l 
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ccncu  decay  times  t  {{'ig.  2)  which  are  much 
shorter  than  the  ones  observed  in  single  CdTc 
OWs  (see  below).  In  addition,  the  WW  decay 
deviates  ciearly  from  a  straight  exponential  law 
demonstrating  the  arrival  of  carriers  at  early  times 
(t  <  200  ps).  Figs.  2a  and  2b  display  the  NW  and 
WW  PL  responses  at  7  =  10  K  for  the  40/100/74 
and  the  42/1.48/74  structures  when  excited  in 
resonance  with  the  lowest  NW  exciton  transition 
X(e^^.  hh,^).  The  NW  decay  times  r  are  18  and 
42  ps.  respectively,  whereas  the  W'W  decay  times 

arc  the  same  for  both  structures  (sec  Table  I ). 
The  effect  I'f  an  increasing  barrier  width  is.  as 
expected,  to  increase  the  NW  decay  time  from  7 
to  138  ps  for  barrier  widths  ranging  between  .30 
and  .320  .4.  It  is  worth  noticing  that  7  does  not 
depend  on  the  laser  excitation  energy  neither  on 
the  stimple  temperature  for  7  <  40  K  [13]. 

The  short  NW  decay  times  have  to  be  com- 
piircd  til  the  PL  decay  time  single 

(  die /C'd„s-Zn„|-,'le  QW  grown  in  a  separate 
reference  sample  that  we  measured  to  be 
147  ps.  I'he  NW  PL  dectiy  r;ttc  is  a  sum  of  the 
tunneling  rate  r,  '  '  and  the  NW  cxcitonic  re- 
combinatittn  rate  l/7«.  according  to  r  '  =  7.^'  + 
7,  '.  Assuming  7^,  to  be  equal  to  the  SOW  decay 
lime  7..,^\v  allows  us  tc)  ctilculatc  the  tunneling 
times  7  I  which  arc  ctimpilcd  in  l  able  1. 

1  he  effect  of  changing  the  narrow  well  width 
/.V,  is  shown  in  Figs.  2c  and  2d  by  a  comparison 
ol  the  34/117/70  and  the  40/110/78  ADOWs. 
I  he  slower  PL  decay  obsened  for  the  scca)nd 
structure  with  the  wider  NW  is  consistent  with 
the  larger  difference  1  between  the  elec¬ 

tron  confinement  level  (\  and  the  height  of  the 
conduction  hand  barrier  I  .  fhc  same  argument 
holds  if  the  heavy  hole  level  hl^  is  considered. 
I'hc  sample  72/  1 10/  100  confirms  this  trend  qual- 
itativcly  with  a  quite  long  tunneling  time  of  3.40 
ps.  Nevertheless,  vve  will  show  in  the  following 
thiit  the  relative  distance  between  cu  uonu  sttiles 
rather  than  between  vn/e/e  puriulf  states  is  the 
relevant  parameter  governing  the  tunneling  limes 
of  eomp;ir;ihle  structures. 

In  the  limit  of  weak  deloe:ili/ation  of  the  elec¬ 
tron  wavefunelions.  i.e.  large  harrier  widths,  the 
electronic  tunneling  limes  r,  depend  exponen¬ 
tially  on  the  lalio  of  the  harrier  width  and  the 
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Lg  ,  (V-Sn)  (nm.  meV) 

Fit;.  A.  lunncling  limes  r,  of  (he  mvesdii^iteti  .ADOWs  s(s  j 
lunelion  *>l  ihe  ratio  ot  harrier  thickness  I  unJ  harrier 
penelrati<>n  depth  A  in  a  semi-log  pliM.  The  ’  tasi”  samples 
(closed  circles)  can  he  connected  h\  a  straight  line  (guide  to 
the  eye).  Above  the  straight  line  the  ■■sIov^■■  structures  are 
siiiialed  With  longer  tunneling  times  hut  comparable  sample 
parameters. 


where  ni*  is  the  effective  eleetron  mass  in  Cdl'e 
1 14).  h  is  a  prefaetor  depending  on  the  differenee 
e  between  NW  ,ind  WW  states  (c=<\  -c^^l 
when  calculated  without  coupling  and  on  a  level 
broadening  /'  characterizing  the  intrawell  relax¬ 
ation  (e.g.  for  phonon  emission): 

/)  /i(4t '  f  /■’)  2/  /•./.  (2) 

where  the  energy  depends  slightly  on  the  form 
of  the  eleetronie  wavefunetions  [14].  Here,  h  is 
minimum  in  ;i  resonance  (f  0).  A  proportional¬ 
ity  factor  (I  is  introduced  in  the  exponent  [1.3]. 

Fig.  3  displays  the  depenilenee  of  the  observed 
7  ,  [  111]  on 

a  -  /-ml  w//w„)(  1  (\) . 

m„  being  the  free  eleetron  mass.  One  can  actually 
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(Ji.stinguish  between  two  .sets  of  samples;  the 
"fast"  structures  following  a  straight  line  as  pre¬ 
dicted  by  Eq.  (1)  with  roughly  the  same  value  of  h 
(closed  circles)  and  the  “slow"  structures  (open 
triangles)  having  longer  tunneling  times  than  their 
"fast"  partners  with  comparable  values  of  (/.  It  is 
surprising  to  note  that  the  "slow"  samples  have  a 
small  difference  e=ef^-i\^  which  should  lead 
to  short  tunneling  times  if  the  transfer  mecha¬ 
nism  and  thus  /’  were  the  same  for  the  "slow" 
and  the  "fast"  structures  (Eq.  (2)).  It  appears 
then  that  different  transfer  mechanisms  are  de¬ 
termining  the  tunneling  process  leading  to  differ¬ 
ent  values  of  h  for  both  subsets  of  samples.  We 
will  figure  out  different  carrier  transfer  mecha¬ 
nisms  that  can  increase  the  tunneling  rate  in  the 
"fast"  structures  and  which  are  absent,  i.e.  encr- 
getieally  forbidden,  in  the  "slow"  structures. 

First  of  all,  we  can  rule  out  the  importance  of 
free  carrier  states  (electrons  and  holes)  for  the 
tunneling  mechanism.  Indeed,  those  states  are 
never  in  resonance  in  all  the  structures  investi¬ 
gated.  Moreover,  in  some  "fast"  ADQWs  the 
difference  between  the  calculated  electron  con¬ 
finement  levels  -  (\y  is  smaller  (Table  I)  than 
the  optical  phonon  energy  in  CdTe  (21.2 

meV)  so  that  non-resonant  electron  transfer  as¬ 
sisted  by  LO  phonon  emission  does  not  e.xplain 
the  difference  between  "fast"  and  "slow".  The 


(a) 


-  electron  confinement  levels 

electron  levels  minus 
exciton  binding  energy 


■  exciton  levels  in  NW  and  WW 
with  total  barrier  height 

Rg.  4.  Schcmiiiic  rcprcscnialion  ot  ihc  lunncling  processes. 

PriK'css  DC’,  clcclmn?*  uinne)  via  cxcitonic  stale's;  the 
transfer  fri>m  the  Jirect  NW  exciton  X  into  the  cross  exciton 
X’.  ih)  Process  DD.  the  tunneling  of  the  ilirect  NW  exciit'n 
into  the  direct  WW  exciton  hy  cmissunt  ot  an  1.0  phonon  can 
be  represented  as  a  single  particle  tunneling  through  a  harrier 
with  a  total  height  equal  to  the  conduction  plus  valence  hand 
offset. 


difference  between  heavy  hole  confinement  levels 
hh^  -  hh^^  amounts  only  to  4-8  meV  implying 
that  resonances  with  LO  phonons  arc  not  impor¬ 
tant  for  heavy  holes.  On  the  other  hand,  due  to 
the  strong  cxcitonic  binding  energies  in  compari¬ 
son  to  the  confinement  potentials  one  should  not 
neglect  the  importance  of  the  electron-hole  cor¬ 
relation  during  the  tunneling  process. 

We  will  therefore  consider  two  charge  transfer 
mechanisms  implying  exeitonie  states  which  are 
depieteii  in  Fig.  4.  The  first  process  "direct-cross" 
(DC)  is  the  transfer  of  an  electron  b«)und  in  a 
direct  NW  exciton  X(<\.  hh^)  towards  a  cross 
exciton  state  X'((\^,  hh.,)(Fig.  4a).  This  transfer 
has  been  demonstrated  to  be  very  efficient  even 
in  (iaAs/( AI,(ia)As  double  (JWs  where  confine¬ 
ment  is  much  stronger  than  in  the  sy.stem  investi¬ 
gated  here  (17.18).  It  has  been  identified  to  be 
the  relevant  mechanism  for  resonant  electron 


tunneling  in  GaAs/(AI,Ga)As  ADQWs  [b.?].  On 
the  other  hand,  tunneling  can  also  involve  the 
exciton  as  a  whole,  i.e.  in  form  of  a  transfer  from 
the  spatial  direct  NW  exciton  into  the  direct  W  W 
e.xciton  (process  DD)  by  emission  of  an  LO 
phonon  (Fig.  4b). 

Considering  the  first  process  DC.  the  eri'ss 
exciton  X’(i\v,  hh;.^)  is  not  obserxed  in  the  CW 
spectra  and  the  binding  energies  of  the  cross 
excitons  are  therefore  calculated  by  a  variational 
approach  with  an  exeitonie  trial  wavefunetion  fol¬ 
lowing  Leavitt  and  Little  [l'>].  The  actual  valence 
band  offset  (VBO)  of  this  heterostruv  ure  system 
is  still  a  matter  of  discussion  [10).  We  have  cho¬ 
sen  a  zero  chemical  offset  and  the  hydrostatic 
deformation  potential  for  the  valence  band  to 
one  third  (20)  of  the  bulk  value  a  =  .7.81  eV  (21). 
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I'he  supplcmontiin  coiitiiicmcnl  i)t  hcaxy  ht>lcs 
b>  the  eleetronie  C'luilonib  potential  is  not  taken 
into  account.  The  direct  NW  and  WW  e.xeiton 
transition  energies  calculated  with  this  model 
agree  with  the  obserced  values  within  ±d  meV. 

II  the  difference  J' =  X(£\,  hh^)  -  X'(e^. 
hhv^)  >0.  the  DC  process  is  possible  and  could 
e\en  letid  to  a  resomint  electron  transfer  if  J'  =  0 
thus  explaining  fast  tunneling  times,  huieed.  J'  is 
Iiositi\c  for  the  ‘  last  '  structures  but  also  for 
some  “slow  "  structures.  I  he  DC  process  might 
be  present  in  the  majority  of  the  studied  samples 
but  does  not  explain  the  different  tunneling  be- 
haxiour  in  the  twn  sets  of  samples.  On  the  other 
hand,  one  shoukl  realize  that  J'  can  change  by 
;  2  me\'  ilepending  on  the  VBO  assumed  for  the 
calcidations.  It  is  therefore  impossible  to  reliably 
discriminate  the  .ADQWs  in  which  the  DC  pro¬ 
cess  is  energetically  tillowed  or  forbidden.  Apply¬ 
ing  an  external  electric  field  would  help  to  di- 
rcctls  obserxe  the  cross  cxciton  transition  energy. 

l  or  the  second  process  (DD).  the  energy  dif- 
Icrcncc  between  both  .NW  and  W'W  direct  e.xci- 
tons  J  ^  ,X((\.  hhv,)  Xlt  ,.,,.  hh^^ )  is  directly 
accessible  since  it  has  been  determined  riuite 
accuraieK  by  steady-state  IM.  excitation  spectra 
(  fable  II.  We  notice  that  for  all  “slow  "  ADOW's 
J  is  smaller  than  the  1.0  phonon  energy  of  Cd'l'c. 
so  that  the  DD  process  is  energetically  forbidden. 
On  the  other  hand.  J  is  positive  for 

almost  all  the  "fast"  structures.  One  can  there¬ 
fore  coneluile  that  the  transfer  ot  direct  e.xcilons 
by  emission  of  1.0  phonons  is  etfeetive  in  the 
■  fast"  samiiles  ami  accelerates  the  tunneling  pro¬ 
cess  in  these  structures  with  respect  to  the  “slow  " 
ADOWs. 

VVe  would  like  to  stress  that  there  might  be 
still  other  coupling  mechanisms  between  NW  aiul 
WW  (scattering  of  the  NW  cxciton  into  W'W 
continuum  st.ites.  e.xeiton  triinsler  without  1  () 
phonon  emission).  Consider  as  an  example  the 
sample  4')/  1 10/  TS  with  a  tunneling  time  of  b.S  ps. 
I  unneling  is  relatively  efiieient  although  both  the 
DD  ami  Ihe  IK  process  arc  energetically  forbid- 
ilcn.  Ihe  use  of  external  electric  or  magnetic 
fickis  should  proviile  further  insight  concerning 
the  relative  importance  of  the  different  charge 
tr, Ulster  processes. 


4.  Summary 

We  have  presented  tunneling  times  measured 
by  picosecond  photoluminescence  on  a  large  set 
of  Cd  re/(Cd.Zn)  rc  ADQWs  varying  over  three- 
orders  of  magnitude  as  a  function  of  the  barrier 
thickness.  The  investigated  structures  are  divided 
into  a  "fast"  and  a  “slow"  subset  which  can  be 
distinguished  by  the  presence  of  relevant  transfer 
mechanisms.  In  fact,  the  energy  structure  of  the 
“fast  "  samples  allows  a  direct  transfer  of  excitons 
from  the  NW'  to  the  WW  under  emission  of 
optical  phonons  in  contrast  to  the  ““slow  "  struc¬ 
tures.  It  is  difficult  to  assess  the  importance  of 
electron  tunneling  as  a  transfer  from  the  direct 
NW  e.xeiton  to  the  cross  cxciton  .X '(c^^ .  hh  I 
since  the  binding  energy  of  the  latter  is  not  known 
with  sufficient  accuracy.  Nevertheless,  one  has  to 
emphasize  that  the  observed  behaviour  of  the 
tunneling  times  can  only  he  explained  by  scatter¬ 
ing  between  excitons  and  not  between  single  par¬ 
ticle  electron  or  hole  states. 
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Abstract 

Zn,  ,Cd,Sc-ZnSc  multiple  quantum  wells  (MOWs)  arc  grown  ttn  GaAs  (11)11)  substrate  by  MOCVD.  Their 
photoluminesccnce  (PL)  is  studied  at  temperatures  betwfcen  77  and  3))()  K.  We  have  observed  live  emission  bands  in 
Zn||^xCd|n,Se-ZnSe  MQWs  under  the  AS?.*)  nm  line  of  an  Ar  ion  laser  excitation  at  77  K  for  the  first  time.  Three 
of  these  bands  are  attributed  to  different  exciton  emission:  the  n  =  1  heavy-hole  (HM)  exeiton  transition,  the  n  =  I 
light-hole  (LH)  exciton  transiton  and  the  >i  =  I  HH  exciton  transiton  with  the  emission  of  two  LG  phonons.  The  two 
e.xciton  emission  bands  P,  and  P,  of  n  =  1  HH  and  it  =  I  HH  with  two  LO  phonons  emission  can  be  observed  up  to 
2.30  K. 


1.  Introduction 

Wide  band  gap  II-VI  strained  layer  superlat- 
ties  (SLSs)  and  quantum  well  (QW)  struetures  are 
of  interest  for  their  superior  luminescence  and 
non-linear  optical  properties  [1-3].  One  of  the 
optical  characteristics  of  these  SLSs  or  QW  sys¬ 
tems  is  their  efficient  phottin  emission  property, 
which  is  an  imptfrtant  factor  in  II-VI  semicon¬ 
ductor-based  visible  short-wavelength  laser  di¬ 
odes.  Since  the  demonstration  of  blue-green  in¬ 
jection  laser  operation  by  Haase  et  al.  [Ij.  its 
electronic  and  optical  properties  are  widely  dis¬ 
cussed  in  Zn,  ,C'd,Se-ZnSe  OW  materials,  es¬ 
pecially  for  excitonic  properties.  The  nonlinear 
excitonic  absorption  and  thermal  stability  have 
been  also  studied  [2].  We  have  reported  the  exci¬ 
tonic  optical  bistability  in  ZnCd.Se-ZnSe  MQWs 
at  77  K  [4].  In  this  paper,  the  PL  of  Zn,,,,^  Cd,, ,, 
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Se-ZnSe  MQWs  grown  by  atmospheric  pressure 
mctalorganic  chemical  deposition  (AP-M()CVD) 
is  studied  at  different  temperature  and  five  emis¬ 
sion  bands  arc  observed  at  77  K  by  using  Ar  ion 
la.ser  excitation  for  the  first  time.  Three  of  these 
bands  arc  attributed  to  the  different  e.xciton 
emission. 


2.  Experimental  procedure 

The  Zn||„j,C'd|,  ,,Se-ZnSe  MQWs  structure  in 
this  study  is  formed  on  (HMD  GaAs  substrates  by 
MOCVD.  Dimethylzinc.  dimethylcadmium  and 
H  .Se  are  used  as  the  source  materials.  Laeh 
sample  is  composed  of  fifty  Zn||,,,iCd|,  ,,Se  quan¬ 
tum  wells  of  thicknesses  =  HI  nm.  separated 
by  the  ZnSe  barrier  layer  with  =  10  nm.  The 
ZnSe  and  ZnCdSe  layer  are  grown  at  320°r.  A  1 
/am  thick  buffer  layer  of  ZnSe  is  grown  directly 
»)n  a  GaAs  substrate.  The  spectral  distribution  of 
the  luminescence  is  measured  by  using  a  44  W 
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grating  monochromator  with  a  C31()34  cooled 
photomultiplier  and  a  JY-T  8(H)  Raman  spectra 
equipment.  PL  is  excited  by  the  337.1  nm  line 
from  a  N,  laser  and  the  457.9  nm  line  from  an  Ar 
ion  laser. 


3.  Experimental  results  and  discussion 

Fig.  1  shows  a  typical  X-ray  diffraction  pattern 
from  Zn||f,,viCd|n,Sc-ZnSe  MOWs  with  30  peri¬ 
ods  on  a  GaAs  (100)  substrate  with  a  ZnSe  (I 
^im)  buffer  layer,  measured  by  conventional 
diffraction  using  Cu  K«  lines.  It  clearly  shows  the 
satellite  peaks  with  a  good  quality  MQWs  struc¬ 
ture.  The  lattice  mismatch  between  the  Zn,  , 
Cd,Se  and  the  ZnSe  is  l.bG  for  .r  =  0.32.  The 
critical  thicknesses  of  Zn|_,Cd,Se  with  .v  =  0.32 
on  the  ZnSe  layers  are  estimated  to  be  23  nm  by 
People's  formula  [5].  Fig.  2  shows  the  PL  spectra 
of  the  Zn||„xCd||  ,,Sc-ZnSe  MQW  sample  at  dif¬ 
ferent  excitation  densities  by  the  337.1  nm  line  of 
a  N;  laser  at  77  K.  The  PL  spectra  exhibit  two 
peaks.  The  higher  energy  peak  is  located  at  473 
nm  (2.610  eV)  and  the  lower  energy  peak  is 
located  at  310  nm  (2.431  eV).  When  the  excita¬ 
tion  density  (/,,)  is  3  MW/cm’,  the  emission 
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Fig.  2.  PL  spcclru  in  Zn||„sC  d„  i;Sc-ZnSe  MOW  excited  hy 
the  .4.47.1  nm  line  of  a  N-  laxcr  al  7t  K  under  different 
excitation  intensities. 


intensity  of  the  high  energy  band  is  stronger  than 
that  of  the  low  energy  band.  With  decrettsing 
excitation  density,  the  high  energy  Itand  becomes 
weak  and  the  low  energy  band  becomes  strong. 
When  the  excitation  intensity  is  0.4  /„.  the  low- 
energy  band  emission  is  dominant  and  both  the 
high  energy  and  the  low  energy  band  shift  to  the 
low  energy.  The  low  energy  peak  position  moves 
towards  the  low  energv  about  20  meV  at  0.4 
The  PL  spectra  of  Zn,|h,sCd|,  ,,Sc-ZnSe  MQWs 
at  temperatures  between  77  and  3(H)  K  under  the 
437.9  nm  line  of  Ar  ion  laser  excitation  are  shown 
in  Fig.  3.  Some  fine  structures  are  observed  at  77 
K  in  Fig.  3.  The  high  energy  band  at  479.4  nm 
corresponds  to  the  high  energy  band  in  Fig.  2.  In 
the  low  energy  region  there  are  four  emission 
bands,  namely  P,  (313.0  nm).  P,  (3.30.3  nm).  P, 
(343.0  nm).  and  P^  (370.0  nm).  The  emission 
intensity  of  band  P.  is  about  six  times  stronger 
than  that  of  the  high  energy  band  in  the  tempera¬ 
ture  region  of  77-83  K.  With  an  increase  of 
temperature  to  124  K,  the  high  energy  band  dis¬ 
appears  and  band  P,  maintains  only  a  small 
shoulder  on  the  high  energy  side  i>f  band  P..  In 
addition,  liie  luminescence  in  Fig.  3  mainly  con¬ 
sists  of  bands  P,  and  ■  ,  at  124  K  because  band  Pj 
also  disappears.  With  .  n  increase  of  the  tempera¬ 
ture  to  173  K,  the  emission  intensity  of  band  P, 
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f  ig.  3.  IM.  spectra  in  ;.SL’  -/.nSc  MQWs  at  77-3(10 

K  hy  the  nrii  line  Ar  laser  oxcitalion. 


has  dearly  decreased  and  that  of  band  P,  be- 
cumi,s  strong.  Both  hand  P,  and  band  P,  can  be 
observed  up  to  2.'()  K.  Then  band  P,  disappears 
with  an  increase  of  the  temperature  and  band  P_, 
can  be  measured  at  3(HI  K.  Here  we  are  inter¬ 
ested  in  the  origin  of  the  tibove  entission  bands. 
In  ll-VI  wide  band  gap  quantum  wells,  the  en¬ 
hancement  of  exciton  binding  energy  and  the 
large  oscillator  strength  make  it  possible  U)  ob¬ 
serve  these  effects  at  room  temperature  (R'D. 
Usually  ,  the  absorption  and  luminescence  charac¬ 
teristics  rrhserved  at  R  T  in  ZnC'dSe-ZnSe  MOWs 
tire  thought  to  he  due  mainly  to  the  n  =  I  HH 
exciton  recombination  (n-ll|.  In  our  case,  band 
P,  t.s.^O  nm)  in  l  ig.  at  77  K  might  be  considered 
to  be  the  n  =  I  HH  exciton  recombintition,  ac¬ 
cording  to  its  emission  characteristics.  In  order  to 
describe  this  conjecture,  the  absorption  spectra  in 
the  Zn„,„Cd„,,.sc-ZnSe  MOW  at  77  K  (a)  are 
measured,  as  shown  in  I'ig.  4.  Two  well-defined 
structures  (labeled  LH  and  HH)  are  observed  and 
they  tire  '  icated  at  .‘'1.1  and  .‘'20  nm.  These  are 
attributeo  to  the  light  and  hetivy  hole  exciton 
ground  -.tates  (;i --  1)  in  the  quasi-two-dimen- 
sional  vystem  [4).  The  separation  of  the  n  =  I  I.H 
and  the  //  =  I  HH  exciton  is  approximately  78 
meV.  C  urve  (b)  in  Tig.  4  is  the  emission  spectrum 
for  the  above  MOWs  tit  77  K.  From  Fig.  ,‘v  it  is 
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Fig.  4.  Ahsorplioii  (a)  and  emission  lb)  speulia  in 
MOWs  at  77  K 

found  that  band  P,  is  located  at  the  low  energy 
side  (.s.K)  nm)  ol  the  tibsorption  peak  (.s2()  nm) 
and  the  petik  energy  is  found  to  shift  to  the  lower 
energy  side  (red-shift)  from  the  HH  exciton 
ground  quantum  level.  The  timount  of  the  red- 
shift  IS  about  24  meV;  however,  it  exhibited  a 
marked  size  efffect.  So  band  lU  is  titlributcd  to 
the  II  =  I  HH  exciton  emission.  .According  to  ref. 
[2].  the  calculation  predicts  a  LH  unitixial  strain 
splitting  of  meV  so  that  the  I.H  state  corre¬ 
sponds  to  a  wetikly  type-1 1  qinintum  well.  From 
Fig.  .'  anil  Tig.  4,  the  energy  difference  between 
bands  P.  and  P,  is  7(I-7S  meV  and  band  P,  (.s|.s 
nm)  is  located  at  the  low  energy  side  of  the 
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tcrcnl  excitation  wavelength:  (a)  457.*)  nm  line:  (b)  4SS.1)  nm 
line 
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absorption  peak  L-H  (513  nm).  As  mentioned 
above,  it  is  reasonable  to  think  that  band  P,  is 
ascribed  to  the  n  =  1  l.H  exciton  emission.  It 
should  he  noticed  that  the  weaker  LH  errnfine- 
ment  is  in  agreement  with  the  disappearance  of 
band  P,  with  increasing  temperature  in  Fig. 
The  energy  difference  between  bands  P,  and  P, 
is  5S  meV  from  Fig.  .3.  This  value  corresponds  to 
the  energy  of  the  2  LO  phonon  in  ZnSe.  where 
the  2  LO  phonon  energy  is  6(1  meV  [2].  So  it  is 
possible  to  think  that  band  P,  is  attributed  to  the 
/( =  1  HH  exciton  recombination  with  2  LO 
phonons.  If  this  explanation  is  correct,  the  energy 
difference  between  bands  P,  and  P,  should  not 
be  changed  with  excitation  wavelengths.  Fig.  5 
shows  PI.  spectra  of  Zn,|„.^Cd„  .,Se-ZnSe  MOWs 
at  60  K  by  using  the  457.6  and  the  4S8.0  nm  line 
of  an  .Ar  ion  laser.  From  Fig.  5.  the  peak  posi¬ 
tions  of  bands  of  P.  and  P-,  tire  the  same  under 
two  excitation  wtivelengths.  This  result  further 
proves  Ihtit  btind  P-,  is  the  n  =  1  FIH  exciton 
recombintition  with  the  emission  of  two  LO 
phonons.  The  origin  of  the  additional  high  energy 
biind  located  tit  475  nm  and  hand  Pj  have  not 
been  clear  to  us  up  to  now, 

(n  summary,  we  have  observed  five  emission 
biinds  in  Zni|,,^('d|,  ,>Se-ZnSe  MOWs  at  77  K  for 
the  first  time.  Fhe  origin  of  these  btinds  is  dis¬ 
cussed.  riiree  of  these  btinds  are  attributed  to  the 
II  I  nil  exciton  tninsition,  the  ii  --  I  LM  exci¬ 
ton  transition  tind  the  ii  =  !  ilH  exciton  recombi¬ 
ntition  with  the  emissoti  of  two  LO  phonons, 
respectively. 


4.  Acknowledgements 

This  work  is  supported  by  the  High 

Fechnology  Research  Program  in  C  hina,  the  Na¬ 
tional  Natural  Science  Foundation  of  China,  the 
Laboratory  of  Excited  State  Process  in  Changchun 
Institute  of  Physics  of  Chinese  Academy  of  Sci¬ 
ences,  and  the  National  Fundamental  and  Ap¬ 
plied  Research  Projects  of  China. 


5.  References 


lij  M.A.  n.tJisc.  J.  J  M.  Ocl’iivcil  anil  H  (  hciii:.  Appl. 
Plus.  i.fn.  5*>iiwi)  i:^:. 

1»]  .1.  Dinii.  N.  PcIlA.iih's  aiui  A.\  Nurmikko.  App).  Ph>N, 
l.cit.  ^7  I  :SSN. 

j.'j  .1.  Dinn.  H.  .Icon  iind  A,\  Nnnnkko.  .\ppl.  f'hvs  I  cu. 

( :7n(i. 

14)  U..I.  Vaiii:.  S.H.  Song.  .IS,  /hang.  I.C.  (hen.  /..II, 
/heng.  S'M.  I  u  anil  ,\.VV  .  Fan.  Chinese  .1  I  uiTMiK'seence 
\A  pw.'s)  )Sll, 

15)  R.  People.  Appl.  Plus,  I.ell  4^  (i‘)s5)  .v: 

T.  Tagiiehi.  \  f-nifi'h.  I  ,  Ohno  aiiil  >  No/iie.  .1  I  unn 
neseenee.  I  I2.V 

A.\  .  Nunnikko  annil  R.I  .  (  iunsh«n.  .1  I  iimineMeiue  ’'2 
<  1^)')2)  S‘( 

(s|  11. .1.  Po/vkiAVski  aiul  \  ,K.  Shasln,  I.  I  iiniineseeiKe  4Sek; 
4'i  l  l‘P)i )  "111. 

in}  K  Aiulo.  .\  Ohki  ami  S,  /enihiiiMi,  .lap.  .1.  Appl.  Pins. 
.M  ( I')n:t  I  I  4h:, 

|lli|  II. .1.  I»>/\ktnvski  aiul  \  K.  Shaslii.  ,1,  .\ppl.  Pins. 

(  I'i'M  ) 

Ill)  S,  llasash;.  .A  rsuininiia  aiul  S  St'shii.  1  \j3pl  Ph\s 
I.M  (PM>2)  I  U'^S. 


Nonlinear  transmission  dynamics  of  ZnS^Se,  _^/ZnSe 
and  ZnS^Se,^y  ZnS^Se,  waveguide  structures 

M.  Nagele  W.  Ebcling  J.  Gutowski  *  K.P.  Geyzers  M.  Heuken  ^ 

'  Insulin  liir  !  xpi  rimi  nlcHf  t’insik.  I  nn  rrsiliii  Bremen.  I’.O  Biu  .I.IO-I-III.  D-IIS.I.U  Bremen,  iiernunn 
’’  Insutnt  fur  Ilnlhletlerleelmik.  Rii  71  f  .Anehen.  Smnmerfeldslrnsse.  / )‘S2iiS(y  .-Uiehen.  ( iernunn 


Abstract 

Wc  investigate  the  nonlinear  transmission  properties  of  ZnS.Se,  ,  ZnSe  and  ZnS.Se,  ,  ZnS,Se,  ,  (  v  >>  ) 
waveguides  grown  by  MOV’PE.  All  waveguides  were  designed  as  three-layer  waveguides  with  either  a  ZnS.Se,  ,  or 
a  ZnSe  layer  as  guiding  layer.  The  light-guiding  structures  are  examined  using  a  time-resolved  ns-pulse  pump-and- 
prolv  technique,  with  the  probe  beam  propagating  through  the  waveguide  and  the  pump  laser  being  focused  ontv' 
the  cap  layer  of  the  waveguide.  We  observe  induced  absorption  and  transmission  of  the  sample  close  to  the 
absorptii'ii  edge  under  pump  light  irradiation.  This  can  be  understood  in  terms  of  free  etirrier  absorption,  many-body 
effects  and  heating  of  the  sample.  The  waveguides  with  ZnSe  as  guiding  layer  show  interference  patterns  in  the 


transmission  spectra  with  unusually  large  spacing  betweei 
edge.  This  feature  is  understood  as  beating  between  two 
room  temperature.  The  creation  of  free  carriers  in  the  vi 
densities  a  blue  shift  of  the  interference  fringes  is  observe 


1.  Introduction 

Besides  the  creation  of  a  laser  active  layer  in  a 
laser  structure  based  on  ZnSjSe,  ,/ZnSe.  the 
design  vtf  the  waveguiding  properties  of  such  a 
structure  is  also  a  key  issue.  The  waveguide  se¬ 
lects  the  transverse  modes  of  the  laser  structure 
and  the  polarization  of  the  emitted  light.  Proper 
design  of  the  layered  system  can  also  increase 
relleetivity  of  the  end  facets  of  the  waveguide  and 
hence  lower  the  threshold  for  laser  operation  |l|. 
In  addition  to  this,  waveguides  play  an  important 
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1  the  maxima  for  energies  .>0  meV  below  ihe  absorption 
guided  modes  of  the  waveguide  and  can  be  observed  at 
aveguide  can  suppress  these  patterns.  For  lower  carrier 
d. 


rv)le  for  the  design  of  blue-light  moduhitors  for 
integrated  optics.  SeverttI  nnidulators  based  on 
ZnSe  have  been  reported  [2..^).  to  make  use  of 
the  linear  electro-optic  effect,  which  can  lead  tvi  a 
change  of  refractive  index  as  large  as  An  ^  D.tHfOS 
[.'^1.  v)r  of  the  quantum-evinfined  St;trk  effect  in 
ZnrdSe/ZnSe  [4]. 

We  report  on  nonlinear  transmission  changes 
close  to  the  absorption  edge  of  a  waveguide  based 
on  ZnSSe  being  induced  by  the  creativin  of  free 
carriers  in  the  cap  or  the  guiding  layer.  Our 
experiments  were  conducted  by  a  time  resolved 
pump-and-probe  technique  using  a  ns  dye  laser 
system.  The  pump  pulses  provided  a  high  density 
of  carriers  (up  to  Id'  cm  ').  which  is  known  to 
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create  a  change  in  the  absorption  of  the  light 
propagating  through  the  waveguide  with  the  en¬ 
ergy  in  the  excitonic  range  [5].  A  density  of  carri¬ 
ers  of  JN  =  2  X  10"’  cm  '  induces  a  change  in 
the  refractive  index  in  the  order  of  J«  =  -0.003 
near  the  band  edge,  being  larger  than  reported  in 
previous  work  [6]. 


2.  Experimental  set-up 

The  ZnSjSe,  ,/ ZnSe  and  ZnS,Sc,  ,/ 
ZnS^Se,  ,  (.v>,v)  waveguides  were  grown  by 
MOVPE  on  GaAs  substrates.  The  structures  were 
not  intentionally  doped  and  have  a  background 
doping  of  less  than  10"’  cm"'.  For  details  of 
growth  see  references  [8,0],  The  samples  were 
cleaved  to  a  size  of  appro> 'Tiately  1  x  3  mm.  The 
sample  composition  a.nd  e  mensions  are  listed  in 
Table  1. 

The  experiments  were  performed  using  two 
synchronously  excimer  laser  pumped  dye  lasers 
(pulse  duration  12  ns).  One  laser  pumped  the 
waveguide  structures  with  a  narrow  (25  peV  en¬ 
ergy  width)  laser  pulse.  The  second  laser  pro¬ 
vided  an  intense  broad  band  luminescence  of  the 
dye.  This  light  was  used  to  probe  the  transmission 
through  the  waveguides.  Both  laser  pulses  were 
sent  via  optical  fibers  to  obtain  a  variable  time 
delay  between  them.  The  delay  time  was  always 
me  isured  with  respect  to  the  onset  of  the  pu:.ip 
pulse.  The  pump  beam  was  focused  onto  the  cap 
layer  of  the  layer  structures  achieving  an  intensity 
of  more  than  2(10  kW/cm'. 

The  transmitted  probe  beam  was  spectrally 
resolved  by  a  SPFX  1704  double  grating 
monochromator  and  detected  by  a  bialkali  photrr- 
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Fig.  1.  Unpolarizcd  transmission  spectra  ot  the  in\cstigalcd 
samples  \^iih  no  pump  light  excitation  at  a  temperature  o\  2 
K. 

multiplier  tube  or  an  EG&G  1455  optical  multi¬ 
channel  analyser  (OMA).  With  the  OMA  detec¬ 
tor  being  optically  triggered  by  the  pump  laser 
pulse,  the  transmission  was  recorded  with  5  ns 
time  resttiution  in  a  spectral  range  of  7  nm.  The 
luminescence  of  the  sample  that  was  generated 
by  the  pump  light  was  measured  separately  with 
the  probe  light  off  and  subtracted  from  the  ..  ans- 
mission  spectra. 


3.  Experimental  results  and  discussion 

Transmission  spectra  without  additional  pump 
light  on  the  samples  are  shown  in  Fig.  1.  .-X 
remarkable  feature  are  the  beatings  in  the  spec¬ 
tra  of  samples  1  and  2  being  discussed  later  in 
this  paper.  .Sample  3  has  a  ZnS,Se|  ,  layer  as 
guiding  layer,  hence  it  is  transmitting  light  for 
higher  energies  than  samples  I  and  2.  The  de¬ 
crease  of  transmission  of  sample  2  around  2.71 
eV  can  be  understood  as  absorption  of  light  due 
to  impurities.  First,  we  will  diseuss  experimental 
results  obtained  close  to  the  absorption  edge  of 
the  waveguides  in  dependence  of  the  excitation 
wavelength.  The  second  part  of  this  paper  will 
address  the  beating  patterns  and  the  induced 
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changes  of  the  refractive  index  due  to  the  excita¬ 
tion. 

3.1.  rninsmisskm  citant’es  close  to  the  ah.sorption 
edge 

Excitation  of  the  structure  with  wavelengths 
above  the  excitonie  resonance  of  the  cap  layer 
will  lead  to  an  increase  of  transmission  through 
the  waveguide  in  the  spectral  range  between  2.7(1 
and  2.775  eV.  This  effect  is  large  at  liquid  helium 
temperature,  it  becomes  smaller  for  increasing 
temperatures  and  vanishes  at  25(1  K.  In  such 
cases  the  differential  transmission  signal  (DTS) 
defined  as  (7-  is  measured,  where  7  is 

the  transmission  of  the  sample  with  pumping  and 
7,1  without  pumping.  For  sample  2,  the  prrrbe 
wavelength  was  chosen  448  nm  (2.76  eV)  and  the 
excitation  wavelength  was  408  nm  (.4.05  eV),  which 
is  well  above  the  band  gap  of  the  cap  layer.  A 
purely  exponential  decay  of  the  DTS  was  found 
with  a  time  constant  of  25  ns.  'Phis  relates  our 
observation  to  optical  transitions  invtdving  impu¬ 
rities.  which  are  known  to  have  time  constants  of 
a  couple  of  10  ns  in  ZnSe  ;it  moderate  doping 
levels  [10]. 

The  D  l'S  of  samples  2  and  .4  is  shown  as  a 
function  of  pump  intensity  in  Fig.  2.  saturating 
for  pump  intensities  beyond  100  kW/cm'.  Sam¬ 
ple  I  exhibits  a  \cr\  weak  induced  transmission 


PUMP  INTENSITY  (kW/cm^) 

I  i(;  2.  Oillcrcnli.il  lr;iri>nii'.Mnn  sigii.il  DTS,  <  /  /,,*  (nr 

siimpk-  2  .mil  s.iinplc  l  in  ilipi-nili-iKi-  of  ihf  cxcitiilion 
inicnsilv  lit  .1  icmpL'niiiirL'  ol  2  K,  I  hv  cxi'llitlton  wnxclcnglli 
w.is  4(t.S  nni  I.VIKi  cVt.  the  DtS  vsns  nic.isurvil  iil  44.S  mil 
C  7Wi  i  VI  lor  sampk'  2  iintl  .it  441  nm  (2..SIII  cVI  lor  sample 
t. 


and  was  not  included  in  the  figure.  The  wave¬ 
lengths  characteristics,  the  time  constants,  and 
this  saturation  behaviour  indicate  that  the  phe¬ 
nomenon  is  to  be  interpreted  in  terms  of  bleach¬ 
ing  of  acceptor-conduction  band  transitions,  be¬ 
ing  well  known  to  occur  in  other  1 1- VI  materials 
like  CdS  [11.12],  Acceptors  are  built  in  by  self¬ 
compensation  in  all  n-type  II-VI  materials  and 
arc  most  pr.ibably  vacancy-donor  centres  (with 
the  vacancy  acting  as  double  acceptor),  if  not 
provided  by  contaminations  of  material  sources. 

The  strength  of  the  DTS  signals  is  a  criterion 
for  the  impurity  concentration  in  the  samples. 
The  enhanced  impurity  contents  of  sample  2 
compared  to  stimple  I  is  also  confirmed  by  time- 
resolved  analysis  of  their  stimulated  emission  un¬ 
der  intense  pump  light  excitation.  It  decays  much 
faster  in  the  first  than  in  the  second  sample,  if  a 
1.5  ps  pulse  is  applied  [1.4].  Sample  .4  exhibiting 
the  largest  DTS  and  thus  the  highest  impuriix 
concentration  was  grown  from  FI.S  instead  of 
diethylsulfide  (DE.S)  which  was  used  for  samples 
I  and  2.  This  source  mtiy  have  provided  a  larger 
number  of  contaminations  in  the  cap  layer.  .As 
will  be  discussed  below,  the  electric  field  distribu¬ 
tion  inside  the  waveguide  shows  a  large  field 
strength  even  inside  the  c;ip  layer.  T  his  makes  the 
tninsmission  of  light  through  the  waveguide  very 
sensitive  to  losses  inside  this  hiyer. 

In  contrast  to  the  behaviour  of  the  probe 
tninsmission  described  above,  an  induced  absorp¬ 
tion  ol  the  guided  light  is  observed  for  pump 
energies  below  the  exeilonic  resonances  of  the 
cap  layer,  l  or  such  a  case,  the  DTS  of  sample  1 
in  the  energy  range  below  2.740  eV  is  shown  in 
Fig.  .4  as  a  function  of  probe  delay  with  respect  to 
the  pump  pulse.  Fhe  pump  energy  of  2.82  eV  was 
just  in  the  /.n.Se  guiding-layer  band  edge,  the 
excitation  density  was  chosen  to  be  100  kW  cm\ 
In  this  case,  the  transmission  spectra  exhibit  a 
complicated  time  evolution. 

First,  a  pronounced  increase  of  transmission  is 
observed  in  the  spectral  region  between  2.77  and 
2.74  cV  even  after  correction  of  the  detector 
signal  for  the  luminescence  of  the  sample  caused 
by  the  pump  light.  This  peak  is  not  explicitly 
shown  in  Fig.  .4.  but  indicated  by  the  blank  area 
in  the  left  upper  corner  caused  through  the  cut-off 
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an  Intensity  <>l  |(KI  kW  'em-. 


tif  positive'  D  rS  values.  It  appears  for  delay  times 
hetueen  2  and  22  ns  and  shows  a  narrowing  for 
increasing  delay  after  correction  of  the  detector 
signal  for  tlie  luminescence  of  the  sample  ctiused 
by  the  pump  light.  The  deveUtpment  of  the  trans¬ 
mission  increase  iti  time  is  closely  related  to  the 
shtipe  of  the  pump  pulse  (for  the  latter,  see  I'ig. 
4).  Since  it  is  ktiown  that  samples  1  and  2  slutw 
stimulated  emission  in  a  strip-length  pump  geom- 
etiy  [14],  it  is  plausible  to  interpret  the  positive 
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DTS  signal  in  this  energy  and  time  window  as  an 
amplification  of  the  probe  light  by  stimulated 
recombination.  The  free-carrier  lifetime  is  known 
to  be  as  short  as  a  few  100  ps  in  these  ZnSe 
systems,  even  being  shortened  by  stimulated 
emission  effects  [7],  Thus,  it  is  understandable 
that  the  effect  immediately  follows  the  time  evo¬ 
lution  of  the  ns  pump  pulse. 

The  same  is  valid  for  a  fast  induced  abs.)rption 
effect  on  the  low-energy  side  of  stimulated  emis¬ 
sion.  i.e..  below  2.75  eV.  This  absorption  effect 
can  be  observed  even  at  b.45  nm  where  its  devel¬ 
opment  in  time  is  shown  in  Fig.  4.  It  is  strongly 
correlated  with  the  shape  of  the  pump  pulse 
which  is  explicitly  depicted  as  full  line.  I'he  mag¬ 
nitude  of  this  absorption  effect  goes  as  a  roughly 
quadratic  law  with  the  detection  wa\elength.  in 
accordance  with  experimental  measurements  and 
predictions  by  Broser  et  al.  [15]  concerning  the 
absorption  of  light  by  free  carriers.  The  applied 
pump  intensity  of  100  kW/cm'  is  estimated  to 
ereiite  ;i  carrier  density  of  lO'’  cm  ’.  The  free- 
carrier  cross  section  ctilculated  according  to 
Seeger  [Ki]  yields  a  change  of  the  absorptii'ii 
coefficient  in  ;i  semiconductor  in  the  order  of  0.1 
to  .4  cm  '  if  a  carrier  density  as  given  above  is 
created.  We  determine  the  experimental  change 
of  the  absorption  coefficient  as  0.2  em  '  at  400 
nm.  which  compares  well  with  the  theoretical 
calculations. 

On  a  longer  ilelay  time  scale,  the  free  carrier 
absorption  vanishes  in  favour  of  an  intense  in¬ 
duced  absorption  just  on  the  low-energy  edge  ot 
the  stimulated  emission  peak.  I'his  feature  lasts 
considenibly  longer  th;in  the  pump  pulse,  but  is 
restricted  to  2.71  to  2.77  eV  and  shows  a  high-en¬ 
ergy  shift  with  time  until  it  disappetirs.  F\ir  longer 
delay  times,  this  effect  is  probably  due  to  simple- 
heating  of  the  sample  by  the  intense  light  absorp¬ 
tion  and  correlates  in  time  with  a  red  shift  of  the 
interference  patterns  described  later.  The  laek  of 
transmission  of  light  in  the  spectral  region  where 
the  amplification  took  place  and  the  high-energy 
shift  of  the  DTS  edge  for  longer  delays  (more 
than  100  ns)  c;m  be  ;ittributed  to  a  temperature 
related  shift  of  the  band  gap.  We  estimated  the 
temperature  increase  due  to  the  pump  light  ab- 
s<irption  to  amount  to  I0-.40  K  at  a  helium  bath 
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temperature  of  2  K,  taking  the  given  pump  inten¬ 
sity  and  the  specific  heat  of  ZnSe  [17]. 

As  a  conclusion  it  has  to  he  mentioned  that 
bleaching  of  impurity-band  transitions  is  only  ob¬ 
served  when  directly  exciting  band-to-band  tran¬ 
sitions  in  the  cap  layer.  It  is  completely  over¬ 
whelmed  by  other  effects  when  pumping  into  the 
guiding  layer's  band  only.  For  band-to-band  exci¬ 
tation  into  the  cap  the  light  is  mostly  absorbed 
there  and  carriers  are  hardly  created  in  the  guid¬ 
ing  region.  However,  efficient  migration  of  the 
carriers  from  the  cap  into  the  guiding  layer  in¬ 
creases  the  bleaching  effect  of  the  impurity-re¬ 
lated  transitions  in  the  cap  layer  by  suppression 
of  recombination  into  the  acceptor  centres.  So, 
due  to  light  propagation  in  the  guiding  as  well  as 
in  the  cap  layer,  in  this  case  integral  probe  trans¬ 
mission  in  the  sample  increases  since  the  carrier 
densities  in  the  guiding  layer  remain  moderate. 
This  changes  in  case  of  direct  excitation  of  carri¬ 
ers  in  the  guiding  region.  Now.  strong  free-carrier 
absorption  and  sample  heating  e.xceed  any  effect 
of  impurity  bleaching,  yielding  induced  absorp¬ 
tion  in  total,  apart  from  slimulativw  just  in  the 
band  edge. 

3.2.  TransiHission  c/m/igev  below  the  ulworplion 

(V/gC 

The  transmission  spectra  of  samples  I  and  2 
show  a  beating  for  energies  below  the  absorption 
edge  at  2  K  as  well  as  at  room  temperature. 
I'hese  features  possessing  an  irscillation  period  of 
2  nm  can  not  be  explained  as  a  conventional 
Fabry-Perot  oscillation  between  the  end  facets  of 
the  waveguide  which  should  show  a  (l.(H  nm  wide 
spacing  between  the  maxima  at  49(1  nm  for  a  2 
mm  long  waveguide  with  a  refractive  index  of  2.8. 
I'he  interference  fringes  depend  on  the  prrlari/a- 
tion  of  the  light.  A  probe  beam  with  a  polariza¬ 
tion  parallel  to  the  layered  structure  CFF  wave) 
will  produce  narrower  fringes  than  the  perpendic¬ 
ular  polarization  (  TM  wave).  The  I'M  wave  un¬ 
dergoes  twice  as  much  attenuation  as  the  IF 
wave. 

If  we  assume  a  conventional  Fabry-Perot  res¬ 
onator  as  source  of  the  observed  beatings,  we  can 
calculate  a  distance  of  4.4  /^m  between  the  mir¬ 


rors  (wavelength  490  nm.  n  =  2.8  for  ZnSc).  (ii\en 
this  distance,  we  conclude  that  neither  the  length 
nor  the  width  of  the  samples  can  explain  the 
beatings.  The  propagation  of  light  through  a 
waveguide  can  be  described  as  a  zig-zag  wave, 
being  reflected  at  the  interfaces  between  the  dif¬ 
ferent  layers.  The  propagation  constants  of  such 
a  wave  and  the  field  distribution  in  the  waveguide 
can  be  eomputed  by  a  matrix  formalism  [IS],  in 
case  of  detailed  knowledge  of  the  refractive  index 
/i(A)  of  the  different  layers.  We  adapted  the 
theoretical  description  of  Adachi  [19],  because  it 
relates  the  refractive  index  ii  to  material  parame¬ 
ters,  like  the  fundamental  hand  gap  F,,  at  the  /' 
point  and  F,  at  the  L  point.  I  he  rcfractixe  index 
for  the  ternary  compounds  is  estimated  by  a 
linear  approximation  [2]  of  the  shifts  of  F,,  and 
E|  and  calculated  with  the  model  of  Adachi.  .-Ml 
other  parameters  of  the  model  were  left  constant. 
The  computations  show,  that  a  waveguide  like 
sample  1  does  support  two  guided  modes  for  I  F, 
and  TM  polarized  light,  respectixely.  I'he  field 
distributions  of  the  modes  do  not  reach  the  (.ia.As 
with  a  significant  field  strength,  hence  no  (laAs 
related  losses  can  be  expected.  The  dispersion 
relation  ;ind  the  field  distribution  are  nearly  the 
same  for  both  polarizations. 

An  interference  between  twi^  guided  modes  of 
the  waveguide  cannot  be  obseoed  if  a  large  aper¬ 
ture  (c.g.  a  microscope  lens)  is  used,  since  the 
modes  of  a  waveguide  arc  orthogonal,  i.e.  the 
integral  of  the  two  field  distributions  F,  and  1; 
of  the  modes  oxer  the  whole  end  facet  is  zero. 
However,  we  used  lenses  with  l.sO  mm  focal  length 
and  a  ditimeter  of  h  cm.  which  is  equivalent  to 
perform  the  integrate  over  a  smaller  area.  I'heo- 
retical  calculations  of  this  lens  system  show  a 
significant  beating  of  the  two  guided  modes,  with 
;i  spacing  between  the  maxima  that  is  similar  to 
the  observed  one. 

A  rellection  measurement  of  sample  I  indi¬ 
cates  a  total  thickness  of  the  structure  of  ,'.4,^ 
/um.  This  is  l.s^'z  larger  than  the  intended  total 
thickness  of  the  structure;  hence  vve  increased  the 
nominal  thickness  of  each  layer  by  l.s'f.  .-X  good 
fit  to  the  spectrum  was  found  h>r  a  sulphur  con¬ 
centration  of  ().9'^7  in  the  cap  and  4..s''7  in  the 
buffer  layer  at  .''00  K.  I'his  strongly  asymmetric 
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sulphur  concentration  in  the  buffer  and  cap  layer 
disagrees  with  the  results  of  SIMS  measurements, 
that  were  conducted  on  different  samples  grown 
at  the  RWTH  Aachen.  The  concentration  of  sul¬ 
phur  was  found  to  be  symmetric  for  the  measured 
waveguides.  Hence,  our  description  of  the  refrac¬ 
tive  indices  of  the  ternary  compounds  may  not  be 
valid  and  we  have  to  include  not  only  the  shifts  of 
the  band  gaps  Fi,,  and  T,.  but  also  the  changes  of 
the  other  model  parameters,  i.e.  excitonic  line 
width  and  oscillator  strength  [20].  The  calcinated 
sulphur  concentrations  should  be  translated  into 
the  refractive  indices  of  the  different  layers,  which 
has  to  be  higher  in  the  cap  layer  compared  to  the 
buffer  layer. 

The  stronger  attenuation  of  the  I’M  polarizcv' 
light  is  well  known  from  the  literature  and  can  be 
attributed  to  different  loss  mechanisms  of  the 
rVl  wave  contpared  lo  the  TFi  wave  [21,22j.  I'hey 
also  ha\e  smaller  retleciion  coefficients  at  the 
end  facets  [  I  ]. 

I  lie  time  esolution  of  the  beating  pattern  un¬ 
der  the  intluence  of  pump  light  is  shown  in  Fig.  .>. 
We  obsersed  a  blue-shift  of  the  modes  for  short 
delay  times  between  the  pump-and-probe  pulse 
at  2  K.  being  as  large  as  ()..l  nm  for  a  probe 
wavelength  rtf  4b(S  nm  and  an  excitation  density  of 
20  kW  cnr.  This  blue-shift  disappeared  as  soon 
as  the  pump  pulse  was  over,  which  suggests  again 
,1  free-earrier  related  effect.  Within  our  model 
the  induced  change  of  the  refractive  inilex  was 
estimated  lo  decrease  by  J/;  ^  O.OO.t.  which 
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gives  a  nonlinear  refractive  cross  section  ir,,  == 
of  1.5  10  cm\  This  value  is  one  order 
of  magnitude  larger  than  previously  reported  re¬ 
sults  [6.23].  The  heatings  were  suppressed  for 
excitation  densities  above  20  kW/em'  (at  2  K 
and  room  temperature).  This  might  be  itlribuled 
to  scattering  of  light  at  free  carriers.  For  longer 
delay  times  (above  20  ns),  we  did  observe  a  red- 
shift  persistent  for  more  than  10('  This  relates 
the  red-shift  to  the  temperature  st.ift  of  the  hand 
gap.  as  was  already  described  earlier  in  this  p  i- 
per. 
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Abstract 

Ultrathin  CdSe/ZnSe  single  quantum  wells  grown  by  self-limiting  monolayer  epitaxy  are  investigated  by  means  of 
time  integrated  as  well  as  picosecond  time-resolved  luminescence  spectroscopy.  Well  thicknesses  are  1.  2  and  3 
monolayers  of  CdSe.  All  samples  exhibit  a  bright  excitonic  luminescence  which  shows,  for  an  SOW  of  one  monolayer 
thickness,  a  blue  shift  of  850  meV  with  respect  to  bulk  CdSe.  The  transient  behavior  of  the  luminescence  varies 
depending  on  energy  of  detection.  At  high  energies,  the  decay  is  very  fast  and  nonexponcntial.  At  the  low-energy 
side  of  the  luminescence  band,  a  slower,  simply  exponential  decay  is  observed.  A  model  of  excitons  relaxing  in  a 
random  potential  is  set  up  to  describe  and  discuss  the  experimental  data.  Under  resonant  excitation  into  higher  well 
states,  several  phonon  replica  of  recombining,  resonantly  excited  excitons  occur. 


1.  Introduction 

Recently,  the  interest  on  the  field  of  wide 
band-gap  II-VI  semiconductors  has  been  concen¬ 
trated  more  and  more  on  materials  whose  optical 
transitions  are  in  the  blue-green  spectral  region. 
Additionally,  application  or  at  least  applicability 
in  optoelectronic  devices  plays  a  major  role  [I]. 

At  a  first  glance,  the  mid-band-gap  CdSe/ 
ZnSe  system  which  is  the  subject  of  this  investiga¬ 
tion  does  not  fit  these  trends.  However,  when 
looking  at  the  properties  of  the  samples,  we  found 
an  outstanding  quality  which  enabled  us  to  drive 
the  well  width  to  its  natural  limit  of  one  mono- 
layer  thickness.  Besides  the  fundamental  interest 
in  dynamical  properties  of  excitons  in  ultrathin 
quantum  wells,  this  small  width  pushes  optical 
transitions  of  the  system  into  the  blue-green  spec¬ 
tral  region,  due  to  the  large  electronic  confine- 
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ment  [2].  Thus,  our  work  deals  with  a  system 
which  is,  on  the  one  hand,  of  interest  for  basic 
research,  due  to  its  extreme  geometry,  and  is,  on 
the  other  hand,  possibly  suited  for  optoelectronic 
applications,  due  to  its  large  exciton  energy,  long 
exciton  lifetime  and  bright  luminescence. 

2.  Experimental  setup 

All  investigated  single-crystalline  CdSe/ZnSe 
single  quantum  wells  were  grown  by  a  modified 
molecular  beam  epitaxy  process  called  self-limit¬ 
ing  monolayer  epitaxy  (SME)  [3].  Samples  consist¬ 
ing  of  a  single  quantum  well,  as  well  as  structures 
containing  a  series  of  uncoupled  wells  of  different 
thicknesses,  were  investigated.  Intended  thick¬ 
nesses  were  one,  two  and  three  monolayers  (ML), 
respectively. 

The  transient  behavior  of  the  well  lumines¬ 
cence  was  measured  by  time-correlated  single- 
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photon  counting.  For  excitation  of  the  samples, 
the  frequency-doubled  light  of  a  mode-locked 
titanium-sapphire  laser  running  at  4  or  82  MHz 
repetition  rate  is  used.  The  pulse  duration 
amounts  to  1.5  ps  with  energies  up  to  4  nJ/pulse. 
After  being  dispersed  by  a  subtractive  double¬ 
monochromator  of  320  mm  focal  length,  the  lumi¬ 
nescence  photons  are  detected  by  a  microchan- 
nel-plate  photomultiplier  tube  (MCP-PMT).  Part 
of  the  laser  light  is  used  to  illuminate  a  photodi¬ 
ode  for  triggering.  The  system  response  (includ¬ 
ing  electronics)  to  the  short  laser  pulse  itself 
reveals  a  FWHM  of  about  50  ps.  Usual  time-in¬ 
tegrated  luminescence  spectra  can  be  obtained  by 
counting  all  of  the  detection  pulses  from  the 
MCP-PMT  while  tuning  the  monochromator. 
Detection  is  performed  in  a  direction  rectangular 
to  the  exciting  beam  with  the  sample  slightly 
tilted  off  45°  to  avoid  direct  reflection  of  the  laser 
beam  into  the  monochromator. 

The  excitation  intensities  were  kept  below  a 
time-integrated  power  of  I  mW.  For  band-to-band 
excitation  of  ZnSe  with  an  absorption  coefficient 
of  i0‘‘  cm  " '  and  a  radius  of  the  excitation  spot  of 
0.15  mm,  this  corresponds  to  a  density  of  excited 
carriers  just  after  the  exciting  pulse  of  about  10'^ 
cm  ■ 

All  optical  investigations  were  performed  in 
superfluid  helium  at  r=  1.6  K. 

3.  Experimental  results 

At  low  temperatures  the  samples  exhibit  bright 
excitonic  luminescence  for  excitation  into  band 
states  of  the  ZnSe  barrier  as  well  as  for  resonant 
excitation  into  the  CdSe  wells.  Fig.  1  shows  the 
time-integrated  luminescence  of  a  sample  con¬ 
taining  three  quantum  wells  with  thicknesses  of  1, 
2,  and  3  ML,  respectively.  For  this  spectrum  the 
sample  was  excited  at  3.20  eV,  i.e.,  into  band 
states  of  the  ZnSe  barrier.  Each  quantum  well 
emits  a  single  distinct  luminescence  band,  which 
becomes  evident  when  comparing  the  characteris¬ 
tic  luminescence  of  samples  that  each  contain 
one  single  quantum  well  only  (of  1,  2,  or  3  ML 
thickness,  respectively).  Whereas  the  intensity  ra¬ 
tio  between  the  1  ML  and  2  ML  bands  scatters 
around  one,  depending  on  the  actual  location  of 


Fig.  1.  Time-integrated  luminescence  spectrum  of  a 
CdSe/ZnSe  structure  containing  a  1  ML.  2  ML.  and  3  ML 
SOWs.  Additionally,  rise  times  and  decay  times  are  given  at 
different  energies  of  detection. 

the  laser  spot  on  the  sample  surface,  the  intensity 
of  the  3  ML  emission  is  smaller  than  the  others  in 
any  case.  This  is  probably  caused  by  misfit  dislo¬ 
cations  which  degrade  the  layer  quality  for  in¬ 
creasing  well  width  when  the  critical  thickness  is 
exceeded  (4  ±  1  ML  [2]).  The  halfwidth  of  the 
luminescence  bands  increases  with  increasing  well 
width. 

Table  1  shows  the  energy  positions,  halfwidths 
and  relative  energy  shifts  (with  respect  to  the 
energy  of  free  excitons  in  hexagonal  bulk  CdSe) 
of  the  luminescence  bands  for  different  samples. 
Although  the  CdSe  layers  in  our  samples  are 
assumed  to  grow  in  cubic  modification,  the  com¬ 
parison  is  made  with  hexagonal  CdSe  since  data 
for  cubic  bulk  CdSe  are  lacking.  However,  theo¬ 
retical  evaluations  as  well  as  measurements  on 
thin  cubic  CdSe  films  yield  values  of  the  band 

Table  I 

Luminescence  data  of  two  different  CdSe/ZnSe  SOW  sam¬ 
ples  under  investigation;  the  blue  shift  refers  to  the  exciton 
energy  of  1.826  eV  in  wurtzite  bulk  CdSe;  SOW  I  ML  denotes 
a  sample  containing  just  1  ML  CdSe,  SOW  123  one  containing 
non-coupled  1  ML.  2  ML,  and  3  ML  CdSe  layers 


Sample 

Luminescence  peak 
energy  (eV) 

1  ML  2  ML  3  ML 

FWHM 

(meV) 

Blue 

shift 

(meV) 

SOW  1  ML 

2.678 

- 

- 

24.5 

850 

SOW  123 

2.611 

- 

- 

29.7 

790 

SOW  123 

- 

2.415 

- 

54.4 

590 

SOW  123 

- 

- 

2.238 

56.0 

410 
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Fig.  2,  Time-integrated  luminescence  spectra  for  a  1  ML  well 
for  different  excitation  energies.  Besides  the  energy  of  the 
exciting  laser,  i'lascr-  hvo  energy  positions  are  marked  where 
sharp  spectral  features  occur.  These  labels  are  13  and  32  meV 
below 


gap,  £G,cubi  of  cubic  CdSe  close  to  those  of  the 
hexagonal  modification,  [4,5],  As  a  result, 

the  blue  shift  of  the  excitonic  emission  amounts 
up  to  850  meV  for  a  1  ML  sample. 

When  exciting  the  samples  at  energies  below 
the  ZnSe  exciton  but  above  the  quantum  well 
luminescence,  sharp  structures  superimposed  on 
the  broad  excitonic  emission  band  are  seen.  This 
is  shown  in  Fig.  2  for  a  1  ML  sample.  When  the 
laser  energy  is  tuned,  these  small  peaks  also  shift 
in  energy,  keeping  a  constant  energy  separation 
of  13  and  32  meV  with  respect  to  the  energy  of 
excitation. 

As  can  be  seen  from  the  data  added  in  Fig.  1, 
the  decay  times  tj  of  the  luminescence  bands 
vary  between  30  and  470  ps,  increasing  monotoni- 
cally  with  the  wavelength  of  detection  for  each 
emission  band.  At  the  maxima  of  the  different 
luminescence  bands,  Tj  increases  with  increasing 
well  width.  The  data  given  here  are  results  of 
fitting  the  transients  with  an  exponential  rise  (t,) 
and  an  exponential  decay  (r^).  For  comparison 
with  experimental  data,  the  theoretical  curves  are 
convoluted  with  the  system  response  to  the  ultra- 
short  laser  pulse  itself.  Doing  so  we  obtain  satisfy- 


TLVIE  (ps) 

Fig.  3.  Transient  luminescence  behavior  of  a  2  ML  SOW 
(solid  lines)  at  four  different  energy  positions,  indicated  in  the 
inset,  which  shows  the  time-integrated  luminescence.  Dashed 
curves  are  fits  to  the  experimental  data.  The  energy  of  excita¬ 
tion  amounts  to  2.478  eV. 


ing  fits  on  the  low-energy  side  of  the  emission 
bands  only.  This  is  shown  for  a  2  ML  sample  in 
Fig.  3.  Obviously,  the  exponential  decay  observed 
at  the  low-energy  side  of  the  luminescence  band 
changes  smoothly  to  a  complicated  nonexponen¬ 
tial  one  at  the  high-energy  side. 

When  exciting  the  samples  below  the  barrier 


•yi 


Fig.  4.  Luminescence  spectrum  of  the  resonantly  excited  I  ML 
SOW  together  with  fitted  rise  times  and  decay  times  ( = 
2.642  eV). 
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exciton,  the  temporal  behavior  changes.  The  rise 
times  become  considerably  shorter.  This  is  ob¬ 
served  not  only  for  detection  on  the  low-energy 
side,  but  also  on  the  high-energy  side  of  the 
luminescence  band.  The  large  Tj  values  at  lower 
energies  remain  almost  unchanged.  There  is  one 
exception  from  this  behavior  concerning  the  addi¬ 
tional  sharp  structures  superimposed  to  the  emis¬ 
sion  band  in  case  of  resonant  excitation  of  the 
wells.  The  transients  at  these  energies  show  a  fast 
initial  decay  which  is  attributed  to  the  decay  of 
the  sharp  lines.  Fig.  4  shows  a  luminescence 
spectrum  together  with  fitted  for  a  fixed  exci¬ 
tation  energy.  Notice  the  distinct  drop  of  decay 
time  when  measuring  on  top  of  the  sharp  struc¬ 
ture. 


4.  Discussion 

Interpretation  of  the  time-integrated  spectra 
allows  a  rough  estimate  of  the  well  width  fluctua¬ 
tion  in  our  samples  from  the  ratio  between  the 
blue  shift  of  the  excitonic  emission  (with  respect 
to  bulk  CdSe)  and  its  FWHM.  This  gives  a  very 
small  value  of  less  than  0.1  ML  well  width  fluctu¬ 
ations  for  a  1  ML  sample.  Inside  a  two-dimen¬ 
sional  potential  relief,  defined  by  the  spatial  dis¬ 
tribution  of  well  widths,  excitons  relax  in  energy 
by  migration.  Thus,  energy  relaxation  is  expected 
to  reduce  the  population  of  exciton  states  at 
higher  energies,  leading  to  a  complicated  shape 
of  the  luminescence  as  well  as  to  complicated 
transient  behavior.  This  situation  is  directly  re¬ 
lated  to  alloy  disorder  in  ternary  semiconductors. 
To  change  the  well  width  in  a  CdSe /ZnSe  system 
means,  especially  for  the  ultrathin  wells  as  are 
discussed  here,  to  substitute  a  Zn  atom  by  a  Cd 
atom  at  the  interface  of  the  well.  This  is  exactly 
the  same  as  to  increase  the  Cd  content  in  a 
Zn|_^Cd^Se  alloy.  Having  this  in  mind,  consider 
that  it  is  known  from  cation-substituted  ternary 
II-VI  alloys  that,  due  to  the  small  ratio  of  elec¬ 
tron  mass  to  hole  mass  m^/rriy,.  exciton  localiza¬ 
tion  is  weak  compared  to  anion-substituted  sys¬ 
tems  like  CdS^Se,_^  [6],  However,  reduction  of 
the  dimensionality  of  the  system  to  2D  should 
increase  localization. 


If  the  recombination  time  t„  of  excitons  is 
assumed  to  be  independent  of  energy,  at  least  in 
the  small  energy  interval  defined  by  level  varia¬ 
tion  caused  by  well  width  fluctuations,  the  ob¬ 
served  changes  of  the  decay  times  when  tuning 
the  energy  of  detection  over  the  exciton  lumines¬ 
cence  band  (see  Fig.  1)  are  clearly  due  to  the 
characteristics  of  energy  relaxation.  This  is  put  up 
in  a  simple  model  described  below. 

4. 1.  Model  considerations 

Phonon-assisted  tunneling  is  discussed  as  a 
mechanism  for  energy  relaxation  in  localized  ex¬ 
citon  systems  (see  refs.  [6-8]).  In  our  measure¬ 
ments,  the  experimental  findings  are  similar  to 
those  reported  for  CdS^Se,_^  [8]:  the  lumines¬ 
cence  at  high  energies  decays,  at  first,  very  fast 
but  the  decay  slows  down  more  and  more  at  later 
times  (see  Fig.  3).  Our  interpretation  of  this  be¬ 
havior  is  that  some  excitons  cannot  relax  in  en¬ 
ergy.  The  model  separates  the  number  of  excitons 
at  a  given  energy  into  two  groups.  Excitons  be¬ 
longing  to  the  first  group  are  able  to  relax  in 
energy  by  spatial  migration  into  areas  of  wider 
well  widths,  while  the  others  are  assumed  to  be 
captured  in  locai  minima  of  the  localizing  poten¬ 
tial.  All  of  them  are  able  to  recombine  radiatively 
or  nonradiatively.  The  concept  is  as  follows: 

-  Well  width  fluctuations  cause  a  random  2D 
potential  for  the  excitons. 

-  The  spatially  integrated  density  of  states  (DOS) 
for  2D  excitons  in  a  quantum  well  of  varying 
width  is  a  Heavyside-function  with  a  smoothed 
edge  which  depends  on  the  actual  distribution  of 
potential  energy.  If  a  very  fast  relaxation  of  ki¬ 
netic  energy  is  assumed,  only  states  at  if  =  0  are 
considerably  occupied.  The  DOS  for  t  =  0  is  pro¬ 
portional  to  the  energy  distribution  of  excitonic 
ground  states  in  the  potential  relief.  It  is  called 
g{E)  and  is  chosen  to  be  a  Gaussian  distribution 
around  a  mean  value  having  a  width  of 

(1) 

-  The  population  of  excitons  at  a  given  energy  is 
M£)  =  A(rr(£) -I- A(r(£),  with  1Vrr(£)  excitons 
being  able  both  to  relax  and  to  recombine,  and 
Nf^(E)  excitons  resting  in  a  local  minimum  and 
waiting  for  recombination  with  time  constant  Tq. 
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-  According  to  this,  the  rate  of  loss  at  for 
is  given  by  recombination  only.  The  rate 
equation  for  Nf^  is  (terms  which  increase  the 
population  are  abbreviated  as  gain  and  are  given 
below) 

- — - = - +  gam.  (2) 

d/  To 

The  relaxation  probability  for  an  exciton  at  en¬ 
ergy  £j„j,  into  a  state  Eonai 's  proportional  to  the 
density  of  states  g(£fi„3,).  Therefore,  a  second 
term  has  to  be  added  to  the  recombination  loss 
for  Arr.  This  yields 

dA^RR(£in..) 

dr 

=  -  -  MWRR(£i„o) /%(£)  d£ 

T,,  J  -cc 

+  gain.  (3) 

Setting  the  constant  fit  parameter  iV  indepen¬ 
dent  of  £  neglects  the  influence  of  the  exciton- 
phonon  coupling  on  the  transition  probability 
[7,8].  Then,  the  last  term  in  Eq.  (3)  can  be  simpli¬ 
fied  by  introduction  of  an  effective,  energy-de- 
pendent  time  constant  t, (£(„(,): 

d^RR(  ^inil)  _  ^Rr(  ^inil  A  _  ^inil ) 

df  To  T|(£i„j,) 


+  gain.  (4) 

-  Corresponding  to  this,  gain  of  population  at  a 
final  state  £onai  is  given  by  a  fraction  of  the 
relaxation  losses  at  higher  energies.  This  fraction 
is  given  by  the  density  of  states  g(£nnai)  of  fhe 
state  under  consideration  divided  by  the  inte¬ 
grated  density  of  states  for  all  possible  final  states 
with  £<£i„i,: 

d(  ^r(  £final  )  ^Rr(  ^final  )  ) 

dr 


r,(£) 


S  (  ^final ) 

rg(E)  d£ 

—QO 


(5) 


The  gained  population  (Eq.  (5))  at  a  given  £  is 
distributed  among  )Vrr(£)  and  N^(.E)  by  a  Fermi 
function  called  M(E)  which  depends  on  energy. 


is  centered  at  £m  (the  mobility  edge),  and  has  a 
width 

M(£)  =  (e‘^-^«’/‘*'«+ I)”'.  (6) 

At  a  given  energy  £,  an  exciton  relaxing  from 
higher  energies  is  added  to  Nr(£)  with  probabil¬ 
ity  M(E),  and  to  A^rr(£)  with  probability  1  - 
MiE).  Thus,  A/(£)  defines  a  mobility  edge  with 
adjustable  width  At  high  energies  MiE)  is 
zero  (all  excitons  are  mobile)  and  at  low  energies 
M(E)  is  unity  (all  excitons  are  localized). 

-  At  time  r  =  0  the  ultrashort  laser  pulse  excites 
a  sharp  population  of  excitons  at  £135^^  only. 

This  model  was  computed  by  iteration  for  dis¬ 
crete  energy  levels  and  discrete  times  to  fit  the 
experimental  data.  Fig.  5  shows  the  result  of 
fitting  a  set  of  three  transients  and  the  lumines¬ 
cence  band  using  the  same  set  of  fit  parameter 
values  for  width  and  energy  of  the  mobility  edge 
and  of  the  exciton  DOS,  transition  probability  W, 
and  recombination  time  Tp.  The  reasonably  good 
fit  of  the  time-integrated  luminescence  given  by 
the  mean  value  of  population  at  each  energy  over 
the  entire  time  window  (Fig.  5a),  as  well  as  of  the 
transients  (Fig.  5b)  underscores  the  true  value  of 
the  model  used.  The  slow  down  of  the  decay  for 
later  times  at  high  energies  (here  2.6906  eV)  is 
well  reproduced  (in  this  example  even  too  strong). 
However,  fitting  the  extremely  fast  rise  of  the 
transients  even  at  low  energies  by  assuming  a 
high  relaxation  probability  makes  the  fits  at  higher 
energies  much  faster  in  rise  and  decay  than  ex¬ 
perimental  data.  Therefore,  the  model  gives  too 
fast  behavior  at  high  energies  and  too  slow  behav¬ 
ior  at  low  energies.  To  explain  the  fast  onset  of 
luminescence  at  lower  energies  excitons  can  be 
assumed  to  be  created  in  a  non-t-conserving  pro¬ 
cess  in  areas  of  wider  well  width  having  large 
kinetic  energy,  being  followed  by  very  fast  relax¬ 
ation  to  optically  active  states  at  *  =  0.  Or,  exci¬ 
ton  recombination  under  phonon  emission  which 
contributes  to  the  luminescence  at  lower  energies 
leading  to  a  fast  component  in  the  transient  (see 
section  4.2).  However,  the  luminescence  of  the 
particular  sample  in  Fig.  5  does  not  show  re¬ 
solved  phonon  replica.  Thus,  phonon  coupling  is 
not  very  strong.  Both  mechanisms  were  not  in¬ 
cluded  in  the  model  in  order  to  keep  the  number 
of  unknown  parameters  small. 
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Fig.  5.  Experimental  data  of  a  1  ML  SQW  in  comparison  with  fitted  results  of  the  model:  (b)  experimental  (solid  lines)  and 
theoretical  (dashed  lines)  transients  taken  at  three  different  energies  of  detection,  see  (a);  (a)  experimental  (solid  line)  and 
theoretical  (open  circles)  time-integrated  luminescence  spectrum  of  the  sample.  DOS  of  excitons  gif)  (dotted  line),  and  mobility 
edge  M(£)  (dasbed  lines).  Labels  (1),  (2),  and  (3)  refer  to  the  energy  positions  where  the  transients  shown  in  (b)  are  taken.  Eij.cr 
amounts  to  2.712  eV. 


4.2.  Exciton -phonon  coupling 

Let  us  now  consider  the  sharp  features  super¬ 
imposed  on  the  broad  luminescence  band  in  case 
of  resonant  excitation  (see  Fig.  2).  The  line  at 
lowei  energies,  which  is  spectrally  better  re¬ 
solved,  occurs  32  meV  apart  from  the  excitation 
energy  This  energy  amounts  to  that  of  LO 
phonons,  ^Lo.znSe'  'n  bulk  ZnSe  [4].  Here,  differ¬ 
ent  explanations  are  possible.  First,  part  of  the 
exciting  photons  may  directly  create  a  ZnSe  LO 
phonon  and  a  quantum-well  exciton  at  the  energy 
^laser  ~  ^Lo.znSe’  heading  to  an  enhanced  exciton 
population  and,  thus,  enhanced  luminescence  in¬ 
tensity.  Secondly,  relaxation  of  resonantly  excited 
excitons  by  LO  phonon  emission  subsequent  to 
the  exciting  pulse  is  possible.  In  both  cases,  the 
transient  decay  behavior  of  the  luminescence  at  a 
fixed  energy  should  be  independent  of  the  occur¬ 
rence  of  a  phonon  replica  at  that  energy.  From 
time  resolved  measurements  this  was  concluded 
to  be  the  case  in  Cd^Zn, _^Te/ZnTe  quantum 
wells  by  Stanley  et  al.  [9],  in  CdTe/ZnTe  quan¬ 
tum  wells  by  Kalt  et  al.  [10],  and  in  Cd, 
Zn|_,Se/ZnSe  quantum  wells  by  ourselves  [11]. 
In  contrast  to  this,  in  CdSe/ZnSe  the  transient 
behavior  depends  on  the  excitation  energy  show¬ 
ing  a  faster  decay  if  £|a«r  =  £^detect  +  ^^Lo.zns*- 


According  to  this,  at  fixed  the  decay  slows 
down  if  E<je,ect  is  slightly  detuned  from  the  sharp 
replica  line  (see  Fig.  4).  From  this  we  conclude 
that  the  line  is  a  1  LO  phonon  replica  of  recom¬ 
bining  excitons  resonantly  excited  at  £,355^.  Here, 
the  phonons  are  emitted  at  the  time  the  excitons 
recombine  radiatively.  Therefore,  the  transient 
behavior  of  the  luminescence  on  a  replica  is  com¬ 
posed  y)f  the  transient  behavior  of  the  exciton 
population  at  £13^^,  (fast,  1  LO  replica  lumines¬ 
cence)  and  at  Ejeuci  (slower,  phonon-free  lumi¬ 
nescence). 

The  second  line  observed  13  meV  below  £,35^, 
is  rather  hard  to  detect  in  time-resolved  measure¬ 
ments,  because  it  is  broader  than  the  phonon 
replica  discussed  above  and  is  placed  on  a  much 
larger  background  of  broad  excitonic  emission 
(see  Fig.  2).  Its  energy  separation  of  13  meV  does 
not  equal  any  known  phonon  in  bulk  CdSe  or 
ZnSe.  It  might  be  a  phonon  replica  caused  by  a 
phonon  mode  of  the  CdSe  layer,  but  this  cannot 
be  unambiguously  decided  at  this  stage. 

4.3.  Exciton  lifetime  versus  well  width 

As  can  be  seen  from  Fig.  1,  Tj  decreases 
monotonically  with  decreasing  well  width.  The 
reason  for  this  is  the  growing  overlap  between  the 
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electron  and  the  hole  wavefunctions  for  decreas¬ 
ing  well  width.  This  behavior  is  expected  theoreti¬ 
cally  and  also  observed  experimentally  in  2D 
quantum  wells  [12,13].  For  very  small  well  widths, 
the  wave  function  of  the  electron  with  its  smaller 
mass  extends  eonsiderably  into  the  barrier  mate¬ 
rial,  resulting  in  Tj  to  increase  again.  This  was 
observed  in  a  IIl-V  semiconductor  [14].  Due  to 
their  smaller  exciton  Bohr  radii,  it  is  questionable 
wether  this  effect  occurs  in  11-VI  semiconduc¬ 
tors.  In  the  CdSe/ZnSe  samples  under  investiga¬ 
tion.  an  increase  of  tj  is  not  observed  even  for 
smallest  widths. 

The  difference  between  the  decay  times  of  the 
2  ML  and  the  3  ML  wells  is  remarkably  small. 
We  attribute  this  to  the  minor  quality  of  the  3 
ML  well  which  seems  to  be  near  the  critical 
thickness  of  the  CdSe/ZnSe  system.  In  this  case, 
competing  non-radiative  recombination  channels 
reduce  the  effective  lifetime  of  excitons.  This  is 
also  confirmed  by  the  weak  luminescence  inten¬ 
sity  of  the  3  ML  well. 


5.  Conclusions 

In  conclusion,  we  want  to  recall  three  impor¬ 
tant  results.  First,  from  comparison  between  ex¬ 
perimental  data  and  the  theoretical  model  pre¬ 
sented  here,  it  becomes  clear  that  in  CdSe/ZnSe 
QWs  part  of  the  excitons  in  a  random  potential 
remain  localized  even  at  high  energies.  Thus,  the 
system  has  to  be  described  by  at  least  two  relax¬ 
ation  probabilities  at  a  given  energy  E.  This  con¬ 
clusion  seems  to  be  valid  also  for  ternary  bulk 
II-Vl  semiconductors  like  CdSi_,Se,  [8].  Sec¬ 
ondly,  we  have  shown  that  our  SME-grown 
CdSe/ZnSe  SQWs  exhibit  very  unusual  proper¬ 
ties  which  are,  in  our  opinion,  very  promising  for 
future  application  as  active  layers  in  optoelec¬ 
tronic  devices.  Those  are  the  large  blue  shift  and 
brightne.ss  of  the  excitonic  emi.ssion,  the  small 
well  width  fluctuations  and  the  relatively  long 
lifetime  of  excitons  (up  to  250  ps  in  localized 
states  of  1  ML  samples)  compared  to  the  life¬ 


times  measured  in  Zn|_,Cd,Se/ZnSe  [11]  or 
Zn|_^Cd^Te/ZnTe  QWs  [9].  Further,  we  ob¬ 
served  ZnSe  LO  phonon  replica  of  radiatively 
recombining  excitons.  a  behavior  which  differs 
from  that  in  systems  like  CdTe/ZnTe  or  Zn,., 
CdjSe/ZnSe  quantum  wells,  where  the  occur¬ 
rence  of  similar  lines  is  attributed  to  exciton 
relaxation  by  LO  phonon  emission. 
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Abstract 

Using  time  resolved  photoluminescence  spectroscopy,  we  have  investigated  many  body  effects  and  the  dynamics 
of  a  high  density  electron-hole  plasma  in  strained  CdTe/CdMnTc  quantum  wells.  Great  care  has  been  taken  to 
achieve  a  spacially  homogeneous  plasma  by  mesa  etching  of  single  quantum  well  structures.  Our  e.vpcrimental  data 
show  strong  band  filling  effects  up  to  the  barrier  energy  due  to  the  Pauli  principle  within  a  few  tenths  of  ps.  A 
lineshape  analysis  yields  plasma  densities  up  to  2  X  10'-  cm  -  and  carrier  temperatures  up  to  .3,35  K  (bath 
temperature  2  K).  A  band  gap  renormalization  of  the  emission  spectrum  up  to  around  2.3  meV  as  compared  to  a  low 
excitation  reference  spectrum  is  observed.  The  reduction  of  the  carrier  density  due  to  recombination  causes  an 
increase  of  the  emission  intensity  at  the  le-lhh  cxciton  transition,  indicating  an  enhancement  of  the  oscillator 
strength  below  the  Mott  density. 


As  semiconductor  laser  structures  operate  at 
high  carrier  densities,  many  body  effects  as  well 
as  the  dynamics  of  the  electron-hole  plasma  have 
become  of  great  interest  during  the  last  years.  A 
lot  of  experimental  and  theoretical  work  has  been 
done  especially  for  IIl-V  quantum  well  het¬ 
erostructures  due  to  the  application  of  these  sys¬ 
tems  for  optoelectronic  devices  [1-4].  Typical 
many  body  effects  like  band  filling  due  to  the 
Pauli  principle  or  band  gap  renormalization  due 
to  exchange  correlation  effects  were  quantita¬ 
tively  analyzed  by  a  lineshape  fit  of  photolumi- 
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nescence  spectra  of  the  spatially  homogeneous 
electron-hole  plasma  [.3].  Recently,  new  opto¬ 
electronic  device  prospects  on  the  base  of  II- VI 
heterostructures  have  caused  intense  investiga¬ 
tions  mainly  in  the  wide  gap  ZnSc  system  [.3].  On 
the  other  hand,  II-VI  compiounds  on  the  base  of 
CdTe,  as  for  example  CdTe/CdMgTc  [6]  are 
able  to  cover  the  whole  visible  spectral  range.  In 
CdTe/CdMgTe  as  well  as  CdTe/CdMnTe  het¬ 
erostructures,  stimulated  emission  was  reported 
recently  [7,8],  indicating  the  potential  of  these 
systems  for  optoelectronic  applications.  However, 
not  only  from  the  viewpoint  of  applications,  but 
also  due  to  the  basic  physics,  the  study  of  many 
body  effects  and  the  dynamics  of  the  high  density 
electron-hole  pla.sma  in  II-VI  hetcrostructures 
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is  of  great  interest.  One  point  of  interest  is  the 
role  of  excitonic  effects  in  wide  gap  II-Vl  het¬ 
erostructures  even  at  high  excitation  densities 
[5.9,10], 

In  this  paper  we  present  time-resolved  optical 
studies  on  a  high  density  electron-hole  plasma  in 
CdTe/CdMnTe  quantum  wells.  A  spatially  ho¬ 
mogeneous  plasma  was  achieved  using  single 
quantum  well  mesa  structures  with  lateral  exten¬ 
sions  smaller  than  the  laser  beam  diameter  used 
for  excitation.  Band  filling  up  to  the  barrier  en¬ 
ergy  occurs  within  a  few  tenths  of  ps.  Many  body 
effects  cause  a  strong  red  shift  due  to  band  gap 
renormalization.  A  quantitative  description  of  the 
high  density  plasma  emission  spectra  was  per¬ 
formed  using  a  lineshape  analysis.  If  the  carrier 
density  is  reduced  below  the  Mott  density  by 
recombination,  an  increase  of  the  spectrally  re¬ 
solved  emission  intensity  at  the  le-lhh  exciton 
transition  indicates  an  enhancement  of  the  oscil¬ 
lator  strength. 

The  single  quantum  well  structures  were  grown 
by  molecular  beam  epitaxy  at  a  growth  tempera¬ 
ture  of  230°C  on  a  (100)  oriented  CdTe  substrate. 
The  CdTe  layer  was  embedded  between  a  200  nm 
CdMnTe  buffer  layer  and  a  30  nm  CdMnTe  cap 
layer.  A  Mn  content  of  about  12%  was  chosen  for 
the  barrier  layers.  Mesa  structures  with  an  exten¬ 
sion  of  50  ^m  X  50  /am  were  obtained  by  elec¬ 
tron  beam  lithography  and  wet  chemical  etching 
using  a  Brj  in  ethylene  glycol  solution.  The  elec¬ 
tron-hole  plasma  was  excited  by  a  mode-locked, 
compressed  and  frequency  doubled  Nd-YAG 
laser.  The  pulse  width  was  about  3  ps  and  taking 
into  account  the  repetition  rate  of  82  MHz,  a 
maximum  peak  intensity  of  about  3  MW/cm’ 
could  be  achieved.  The  transient  luminescence 
spectra  were  dispersed  by  a  0.3  m  monochroma¬ 
tor  and  detected  by  a  streak  camera  with  SI 
photocathode.  The  overall  time  resolution  of  the 
setup  is  about  15  ps.  All  experiments  are  per¬ 
formed  at  a  bath  temperature  of  2  K. 

In  Fig.  1  we  have  plotted  the  transient  photo¬ 
luminescence  (PL)  spectra  of  a  5  nm  CdTe/ 
CdMnTe  quantum  well.  Several  interesting  fea¬ 
tures  can  be  seen  directly  in  the  PL  spectra.  At 
short  delay  times,  the  emission  is  dominated  by 
the  barrier  signal.  Due  to  an  efficient  capture. 
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Fig.  I.  Transient  PL  .spectra  of  a  5  nm  CdTe/CdMnTe 
quantum  well  structure.  The  peak  excitation  density  was  about 
3.2  MW/cm’.  The  spectra  are  not  normalized,  but  vertically 
shifted  for  clarity.  The  PL  signal  at  around  1.6  eV  originates 
from  the  substrate  and  can  be  observed  at  short  delay  times 
for  high  excitation  densities. 


the  intensity  of  the  barrier  emission  decays  within 
a  few  tenths  of  ps,  causing  a  high  density  elec¬ 
tron-hole  plasma  in  the  quantum  well.  The 
broadening  of  the  spectra  due  to  band  filling  as 
well  as  a  red  shift  of  the  low  energy  tail  of  the 
luminescence  line  due  to  exchange  correlation 
effects  is  clearly  demonstrated.  With  increasing 
time  a  narrowing  of  the  PL  spectrum  is  observed, 
caused  on  the  one  hand  by  an  efficient  cooling  of 
the  hot  carrier  system  and  on  the  other  hand  by  a 
reduction  of  the  plasma  density  due  to  recombi¬ 
nation.  In  this  structure  there  is  only  one  sub¬ 
band  in  the  conduction  band  and  the  light  hole 
subband  edge  is  strongly  shifted  to  higher  energy 
due  to  strain  effects.  Thus,  only  one  emission 
peak  of  the  quantum  well  luminescence,  related 
to  the  le-lhh  transition,  can  be  observed. 

Due  to  the  Pauli  principle,  the  intensity  of  the 
low  energy  tail  of  the  emission  spectrum  saturates 
for  high  plasma  densities.  Further  increasing  the 
excitation  power  results  in  a  broadening  of  the 
luminescence  line.  As  can  be  seen  in  Fig.  I  the 
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Fig.  2.  PL  intensity  as  a  function  of  time  for  the  integrated 
barrier  signal  (dotted  line),  the  spectrally  integrated  quantum 
well  signal  (dashed  line)  and  the  spectrally  resolved  PL  signal 
at  1.67  eV.  corresponding  to  the  energy  of  the  low  excitation 
le-lhh  exciton  transition  (solid  line). 

states  of  the  quantum  well  can  be  completely 
filled  up  to  the  barrier  energy.  This  is  a  conse¬ 
quence  of  the  discontinuity  distribution  between 
the  conduction  and  the  valence  band  AQ^/AQs 
=  70/30  [11]  and  the  ratio  of  the  electron  and 
the  heavy  hole  in  plane  masses  of  about  1/1.5  as 
calculated  from  the  Luttinger-Kohn  parameters 
[12],  Energy  and  momentum  conservation  results 
in  an  almost  equal  band  filling  of  the  potential 
wells  in  the  conduction  r'd  the  valence  band. 
This  is  completely  different  as  compared  for  ex¬ 
ample  to  the  InGaAs/  InP  system,  where  a  maxi¬ 
mum  broadening  of  the  emission  spectrum  of 
only  1/3  of  the  total  discontinuity  between  the 
quantum  well  and  the  barrier  can  be  observed.  In 
this  system  the  discontinuity  distribution  is  about 
AQc/AQy  =  35/65  resulting  in  a  maximum 
linewidth  of  the  plasma  luminescence  spectrum 
corresponding  to  the  depth  of  the  potential  well 
in  the  conduction  band. 

The  influence  of  excitonic  effects  even  at  high 
carrier  densities  is  demonstrated  in  Fig.  2.  The 
PL  intensity  as  a  function  of  time  is  compared  for 
the  integrated  barrier  signal  (dotted  line),  the 
spectrally  integrated  quantum  well  luminescence 
(dashed  line)  and  the  spectrally  resolved  signal  at 
£  =  1 .67  e V,  corresponding  to  the  energy  of  the 
low  excitation  le-lhh  exciton  transition  (solid 
line).  The  lifetime  of  the  integrated  quantum  well 
signal  is  found  to  be  about  210  ps.  The  carrier 
collection  from  the  barrier  occurs  within  25  ps. 


controlling  the  decay  of  the  barrier  signal  as  well 
as  the  onset  of  the  integrated  quantum  well  emis¬ 
sion. 

Regarding  the  dynamics  at  E  =  1.67  eV  (.solid 
line),  we  also  observe  at  first  a  fast  onset  due  to 
carrier  collection.  However,  an  additional  de¬ 
layed  increase  is  found  within  a  few  hundreds  of 
ps  after  the  collection  process  from  the  barrier 
states.  This  effect  was  observed  in  all  CdTe/ 
CdMnTe  structures  under  investigation.  We  at¬ 
tribute  this  to  the  formation  of  excitons  if  the 
plasma  density  is  reduced  below  the  Mott  transi¬ 
tion  due  to  recombination.  The  associated  en¬ 
hancement  of  the  oscillator  strength  causes  an 
increase  of  the  spectrally  resolved  PL  intensity  at 
£  =  1.67  eV.  This  is  in  contrast  to  experiments  in 
111-V  quantum  well  structures  as,  e.g.,  reported 
by  Daiminger  et  al.  [13]  or  Deveaud  et  al.  [14], 
where  a  PL  intensity  independent  of  time  at  the 
low  energy  tail  of  the  plasma  emission  was  ob¬ 
served  during  more  than  1  ns  after  the  carrier 
collection  process.  Plasma  recombination  in  this 
high  density  region  mainly  causes  a  narrowing  of 
the  spectrum,  leaving  the  PL  intensity  of  the 
energetically  lowest  le-lhh  transition  unchang¬ 
ed.  In  II-VI  heterostructures,  however,  the  exci¬ 
tonic  enhancement  of  the  oscillator  strength  is 
expected  to  be  especially  pronounced  due  to  the 
large  excitonic  binding  energies  in  these  systems 
causing  the  observed  increase  of  the  PL  intensity 
due  to  the  formation  of  excitons. 

To  obtain  quantitative  values  for  the  density 
and  the  temperature  of  the  electron-hole  plasma 
and  the  band  gap  renormalization,  we  have  per¬ 
formed  a  lineshape  analysis  based  on  the  model 
of  Trankle  et  al.  [I].  We  used  parabolic  bands 
characterized  by  the  in-plane  masses  as  calcu¬ 
lated  from  the  Luttinger-Kohn  parameters  and 
constant  matrix  elements.  A  broadening  due  to 
intervalley  relaxation  after  the  method  of  Lands- 
berg  [15]  is  included.  In  Fig.  3  we  have  compared 
the  experimental  data  (dots)  as  obtained  from 
time-resolved  photoluminescence  measurements 
with  calculated  spectra  (solid  lines).  The  high 
energy  tail  of  the  spectra  is  determined  by  the 
carrier  temperature,  whereas  the  spectral  line- 
width  is  mainly  given  by  the  density  of  the  elec¬ 
tron-hole  plasma.  An  excellent  agreement  be- 
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Fig.  3.  Typical  high  excitation  spectra  of  a  5  nm  CdTe/ 
CdMnTe  quantum  well  as  obtained  from  experiments  (dots) 
and  from  a  lineshape  analysis  (solid  lines)  as  described  in  the 
text.  The  experimental  data  corresponds  to  transient  PL  spec¬ 
tra  at  Jr  =  42.  73.  151  and  463  ps  (from  top  to  bottom), 
respectively.  The  arrows  indicate  the  red  shift  of  the  band  gap 
due  to  many  body  effects. 


tween  the  experimental  data  and  the  theoretical 
spectrum  is  obtained,  yielding  densities  up  to 
2  X  10'^  cm"^  and  temperatures  between  20  and 
335  K. 

In  a  high  density  electron-hole  plasma,  ex¬ 
change  correlation  effects  cause  a  red  shift  of  the 
characteristic  emission  line  due  to  band  gap 
renormalization.  This  is  indicated  by  the  arrows 
in  Fig.  3.  From  the  low  energy  tail  of  the  spectra, 
we  obtain  a  red  shift  of  about  23  meV  for  a 
carrier  density  of  2  X  10'^  cm“^  as  compared  to 
the  low  excitation  spectrum.  As  the  band  gap 
renormalization  is  commonly  related  to  the  band 
edge  of  the  transition  between  the  first  subbands 
of  the  conduction  and  the  valence  band,  the 
observed  red  shift  corresponds  to  a  band  gap 
renormalization  of  43  meV,  taking  into  account 
an  exciton  binding  energy  of  about  20  meV  [16]. 
This  value  is  in  good  agreement  with  experimen¬ 
tal  data  of  different  III-V  quantum  well  het¬ 
erostructures  as  reported  for  example  by  Ku- 
lakovskii  et  al.  [3]  and  Lach  et  al.  [17],  indicating 
the  fundamental  relevance  of  exchange  correla¬ 


tion  effects  for  the  fundamental  band  gap  of 
different  semiconductor  materials. 

In  summary  we  have  studied  many  body  effects 
and  the  dynamics  of  a  high  density  spatially  ho¬ 
mogeneous  electron-hole  plasma  in  CdTe/ 
CdMnTe  quantum  wells  using  time  resolved  pho¬ 
toluminescence  spectroscopy.  The  transient  emis¬ 
sion  spectra  were  analyzed  quantitatively  by  a 
lineshape  analysis.  Carrier  densities  up  to  2  X  10'* 
cm“’  and  plasma  temperatures  up  to  335  K  were 
obtained,  causing  band  filling  up  to  the  barrier 
energy  within  a  few  tenths  of  ps.  Exchange  corre¬ 
lation  effects  lead  to  a  band  gap  renormalization 
up  to  43  meV.  If  the  carrier  density  is  reduced 
below  the  Mott  density  by  recombination,  a  de¬ 
layed  increase  of  the  intensity  at  the  le-lhh 
exciton  transition  indicates  an  enhancement  of 
the  oscillator  strength  due  to  exciton  formation. 

We  are  grateful  to  M.  filing  for  the  prepara¬ 
tion  of  the  mesa  structures.  The  financial  support 
of  the  Bayerische  Forschungsstiftung  is  gratefully 
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Abstract 

Zn,_j,Cdj,Se/ZnSe  single  quantum  wells  (SQWs)  and  Zn,_,Cd,S;  GaAs  epilayers  grown  by  molecular  beam 
epitaxy  are  investigated  by  picosecond  time-resolved  luminescence  spectroscopy  as  well  as  by  time  integrated 
luminescence,  reflection,  and  transmission  spectroscopy.  The  well  thicknesses  of  the  SOW  samples  are  3.3  and  5  nm, 
and  the  Cd  contents  amount  to  0.09, 0.18,  and  0.20,  respectively.  Whereas  the  epilayer  luminescence  is  dominated  by 
free-exciton  emission,  the  SOW  luminescence  exhibits  free  and  bound-exciton  bands  of  comparable  intensity.  The 
decay  times  of  the  luminescence  are  shorter  than  140  ps  in  any  case.  When  tuning  the  energy  of  detection,  over 
the  free-exciton  band,  the  decay  time  decreases  for  increasing  energy.  This  is  also  known  from  other  localizing 
ternary  systems  like  Cd,_,S,Se  or  CdSe/ZnSe.  In  contrast  to  those  systems,  the  transient  behavior  of  the 
luminescence  in  the  Zn,_^Cd^Se  samples  exhibits  a  simple  exponential  rise  and  decay  even  at  high  This  is 
probably  caused  by  the  short  length  scale  of  the  localizing  potential.  At  high  excitation  densities  emission  from 
recombining  biexcitons  is  observed  in  the  SQWs. 


1.  Introduction 

The  first  II-VI  laser  diodes  presented  in  1991 
contained  ternary  Zn,_,Cd,Se  as  material  for 
the  active  layer  [1,2].  Thus,  Zn|_^Cd,Se  belongs 
to  the  few  II-VI  semiconductors  used  in  an  opto¬ 
electronic  device  up  to  now.  In  spite  of  that 
success,  little  is  known  for  this  material  about 
localization,  relaxation  and  recombination  dy¬ 
namics  of  excitons  which  dominate  the  optical 
properties  over  a  wide  range  of  carrier  densities 
and,  in  case  of  quantum  wells,  a  wide  range  of 
temperatures  [3].  In  this  paper  a  detailed  investi- 
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gation  on  the  dynamical  properties  of  excitonic 
luminescence  in  Zn|_,Cd,Se/ZnSe  single  quan¬ 
tum  wells  and  Zn|_^Cd,Se  epilayers  is  pre¬ 
sented. 


2.  Experimental  setup 

All  investigated  samples  were  grown  by  molec¬ 
ular  beam  epitaxy  (MBE)  in  a  3-chamber  Riber 
2300  system  using  elemental  source  materials  Zn, 
Cd,  and  Se.  All  structures  and  epilayers  were 
grown  on  semi-insulating  (lOOKJaAs  substrates. 
Zn|_^Cd^Se/ZnSe  single  quantum  wells  (SQWs) 
of  3.3  nm  thickness  and  epilayers  were  grown 
with  a  Se :  Zn  beam  pressure  ratio  of  2 : 1  and 
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cadmium  contents  of  at  =  0.09  and  0.20,  respec¬ 
tively.  Recently,  a  new  growth  chamber  for  GaAs 
has  been  interconnected  to  the  three  II-VI 
chambers.  This  allows  a  careful  oxygen  desorp¬ 
tion  under  As  overpressure  and  the  growth  of 
GaAs  buffer  layers.  SQW  samples  with  thick¬ 
nesses  of  3.3  or  5  nm  and  a  Cd  content  of 
jc  =  0.18  were  deposited  on  such  buffer  layers. 
Here,  the  thicknesses  of  the  whole  structures 
were  chosen  to  be  150  nm  in  order  not  to  exceed 
the  critical  thickness  for  ZnSe  growth  on  GaAs 
and,  thus,  to  avoid  generation  of  misfit  disloca¬ 
tions  in  the  well  region.  The  thicknesses  of  the 
Zn,_^Cd^Se/GaAs  epilayers  amount  to  1  p.m. 

The  optical  investigations  were  performed  in 
superfluid  helium  at  T  =  1.6  K. 

2.1.  Time-resolved  luminescence  spectroscopy 

The  transient  behavior  of  the  luminescence 
was  measured  by  time-correlated  single  photon 
counting.  For  excitation  of  the  samples,  the  fre¬ 
quency-doubled  light  of  a  mode-locked  titanium- 
sapphire  laser  running  at  4  or  82  MHz  repetition 
rate  is  used.  The  pulse  duration  amounts  to  1.5 
ps  with  energies  up  to  4  nJ/pulse.  After  being 
dispersed  by  a  subtractive  double-monochroma- 
tor  of  320  mm  focal  length,  the  luminescence 
photons  are  detected  by  a  microchannel-plate 
photomultiplier  tube  (MCP-PMT).  Part  of  the 
laser  light  is  used  to  illuminate  a  photodiode  for 
triggering.  The  system  response  (including  elec¬ 
tronics)  to  the  short  laser  pulse  itself  reveals  a 
FWHM  of  about  50  ps.  Detection  is  performed  in 
a  direction  rectangular  to  the  exciting  beam  with 
the  sample  slightly  tilted  off  45°  to  avoid  direct 
reflection  of  the  laser  beam  into  the  monochro¬ 
mator. 

2.2.  Time-integrated  spectroscopy 

The  usual  time-integrated  luminescence  spec¬ 
tra  are  obtained  with  the  setup  described  in  sec¬ 
tion  2.1  by  counting  all  of  the  detection  pulses 
from  the  MCP-PMT  while  tuning  the  monochro¬ 
mator. 

Excitation  spectroscopy  is  performed  by  use  of 
an  excimer-pumped  dye  laser  (10  ns  pulses)  for 


Fig.  1.  Luminescence  spectra  of  a  Ztto  ,9lCdo,  09Se  epilayer  (left 
band,  =  2.719  eV)  and  a  Znu„Cdoo9Se/ZnSe  SQW 
l^iaser  “  2.739  eV).  For  structures  marked  by  arrows,  see  text. 
Additionally,  fitted  rise  times  and  decay  times  are  given  for 
different  energies.  Labels  I  to  5  refer  to  the  transients  given 
in  Fig.  3. 


excitation  and  a  0.85  m  double  monochromator 
equipped  with  a  photomultiplier  for  detection.  In 
reflection  spectroscopy  a  halogen  lamp  is  used  for 
excitation.  For  transmission  spectroscopy  a  piece 
of  one  SQW  sample  was  released  from  the  GaAs 
substrate  by  grinding  followed  by  selective  etch¬ 
ing. 


3.  Experimental  results 

All  samples  under  investigation  exhibit  bright 
excitonic  luminescence  which  is,  in  case  of  the 
epilayers,  dominated  by  a  single  line  (see  Fig.  1). 
By  comparison  with  reflection  spectra,  this  emis¬ 
sion  is  proven  to  be  recombination  radiation  of 
free  excitons  (FEs).  Its  full  width  at  half  maxi¬ 
mum  (FWHM)  amounts  to  4.5  and  5.0  meV  for 
X  =  0.09  and  0.20,  respectively.  The  ternary  sys¬ 
tem  Zn|_,Cd^Se  under  investigation  is  expected 
to  localize  excitons  in  a  random  potential  which  is 
caused  by  composition  fluctuations  in  epilayers 
and,  in  addition  to  this,  by  well  width  fluctuations 
in  the  SQWs  (see,  e.g.,  the  review  [4]).  This 
should  be  kept  in  mind  when  the  term  “free 
excitons”  is  used  for  simplicity  in  the  following  as 
a  distinction  to  impurity-bound  excitons. 

In  contrast  to  the  bulk  ternary  layers,  the 
luminescence  of  the  SQWs  is  composed  of  two 
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overlapping  lines  exhibiting  comparable  intensity. 
From  reflection  spectroscopy  it  is  found  that  the 
line  at  higher  energies  belongs  to  recombination 
radiation  of  free  well  excitons  for  all  SQW  sam¬ 
ples.  This  was  also  confirmed  by  absorption  spec¬ 
troscopy  performed  on  a  substrate-free  piece  of  a 
SQW  sample  [5].  The  energy  separation  of  the 
maxima  of  these  two  lines  scatters  between  8  and 
11  meV  for  different  samples.  Their  intensity 
ratio  R  =  If^/Ij  ( /p£  =  intensity  of  free  exciton 
line  and  /,  =  intensity  of  low-energy  line)  de¬ 
pends  on  the  energy  of  excitation  as  well  as  on 
the  excitation  intensity.  Fig.  2  shows  sets  of  lumi¬ 
nescence  spectra  taken  at  different  excitation  in¬ 
tensities  for  two  SQW  samples.  The  lumines¬ 
cence  spectra  are  normalized  with  respect  to  the 
actual  excitation  intensity.  Obviously,  the  depen¬ 
dence  of  the  intensity  ratio  R  on  excitation  inten¬ 
sity  is  opposite.  While  for  the  5  nm  well  the 
free-exciton  luminescence  gains  relatively  in  in¬ 
tensity  (Fig.  2a),  this  is  valid  for  the  low-energy 
line  of  the  3.3  nm  well  (Fig.  2b). 

The  epilayer  luminescence  (Fig.  1)  exhibits  two 
additional  small  and  sharp  lines  besides  the  exci¬ 
ton  band  at  2.654  and  2.686  eV,  respectively. 
When  the  energy  of  the  exciting  laser  is  tuned, 
these  lines  also  shift.  Their  distances  to  the  en¬ 
ergy  of  excitation  remain  constant  and  amount  to 
32  and  64  meV,  respectively.  Similar  spectral 
features  are  also  observed  for  the  SQW  samples. 


"2  56  2  57  2  58  2  59  2  60  2  61 
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Time-resolved  spectroscopy  yields  a  very  fast 
transient  behavior  of  the  dominant  luminescence 
bands  possessing  decay  times  shorter  than  130  ps 
at  any  energy  in  any  sample.  The  data  are  pre¬ 
sented  for  a  Zno  viCdg  o^Se  SQW  and  the  corre¬ 
sponding  epilayer  in  Fig.  1  (left-hand  axis).  The 
time  values  and  given  in  the  figure  are 
results  of  fitting  an  exponential  rise  and  decay 
(see  Eq.  (D)  to  the  experimental  transients; 

1(1)  ~(T,-Td)'''[exp( -t/T,)-exp(  -//tj)]. 

(1) 

For  comparison  with  experimental  data,  the  com¬ 
puted  curves  were  convoluted  with  the  system’s 
response  (FWHM  =  50  ps)  to  the  ultrashort  laser 
pulse;  this  procedure  gives  an  accuracy  for  the 
fitted  rise  and  decay  times  of  about  ±5  ps.  For 
decreasing  energy  of  detection,  the  rise  times  t, 
and  decay  times  increase  in  all  samples.  The 
computed  transients  fit  the  experimental  data 
quite  well  for  more  than  two  decades  of  dynamic 
range  of  the  luminescence  decay  (Fig.  3).  This  is 
true  for  any  energy  of  detection  for  the  SQWs  as 
well  as  for  the  epilayers.  Table  1  shows  Tj  at  the 
maximum  of  the  excitonic  luminescence  band  of 
the  epilayers  as  well  as  at  the  two  lines  of  the 
SQW  samples.  Due  to  the  spectral  overlap  of  the 
FE  and  the  low-energy  band  in  the  SQWs,  it  is 
hard  to  derive  a  decay  time  of  the  latter  in  its 
maximum.  Instead,  the  lowest-energy  decay  time 


Fig.  2.  Luminescence  spectra  of  a  S  nm  (a)  and  a  3.3  nm  (b)  ZnoHjCdg  ,gSe  SQW  for  different  excitation  intensities  The 
spectra  are  normalized  to  Ig  amounts  to:  (a)  1.6  nj  cm~^  per  pulse;  (b)  I.O  nJ  cm~^  per  pulse. 
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Fig.  3.  Transient  behavior  of  the  luminescence  of  a 
Znu,,iCd||,«Se/ZnSe  SQW  of  3.3  nm  thickness  taken  at  five 
different  energies  of  detection  (solid  lines)  in  comparison  to 
fitted  curves  (dashed  lines).  Labels  1  to  5  refer  to  the  energy 
positions  given  in  Fig.  1. 


is  given  where  overlap  by  the  FE  band  is  negligi¬ 
ble.  Obviously,  the  decay  of  free  exciton  lumines¬ 
cence  in  quantum  wells  is  faster  than  that  in  the 
corresponding  ternary  “bulk”  material. 

Concerning  the  small  peaks  superimposed  on 
the  luminescence  band  under  “resonant”  excita¬ 
tion,  no  change  of  the  transient  behavior  is  ob¬ 
served  at  a  fixed  energy  such  a  peak  is 

tuned  from  another  energy  position  onto  ^def 
Fig.  4  shows  the  luminescence  spectrum  of  a 
ZnosoCdn  2oSe/ZnSe  SQW  of  3.3  nm  well  width 
for  resonant  excitation  whose  energy  was  chosen 
to  have  one  of  the  additional  peaks  just  on  top  on 
the  FE  band.  The  decay  times  (triangles)  added 
to  the  figure  increase  monotonically  for  decreas¬ 
ing  energy  of  detection.  Especially,  the  decay  of 


Table  1 

Decay  times  (in  ps)  of  the  luminescence  bands  of  free-exciton 
and  bound-exciton  emission  in  epilayer  and  SQW  samples 
(well  width  3.3  nm) 


Composition 

Epilayer: 
free  exciton 

QW 

Free  exciton 

Second  line 

60 

37 

81 

_ 

70 

140 

65 

60 

130 

Fig.  4.  Luminescence  spectrum  of  a  Zn|,„,Cd„a,Se/ZnSe 
SQW  of  3.3  nm  thickness  under  resonant  excitation  into  well 
states.  A  sharp  feature  occurs  32  meV  below  the  energy  of 
excitation.  Additionally,  the  rise  and  decay  times  of  the  tran¬ 
sients  are  given  at  different  energies  of  detection. 


the  structure  at  2.607  eV  fits  into  the  general 
trend. 


4.  Discussion 

The  luminescence  of  the  Zn,_,Cd,Se  epilay- 
ers  exhibits  dominant  emission  of  recombining 
free  excitons.  From  their  energy  the  cad¬ 
mium  content  x  can  be  computed.  To  do  so  we 
use  the  composition-dependent  band  gap  Eq{x) 
calculated  in  ref.  [6]  which  is  in  agreement  with 
experimental  data  [7].  The  exciton  binding  energy 
EglFE)  was  linearly  interpolated  between  the 
values  for  CdSe  (15  meV)  and  ZnSe  (20  meV)  [8]. 
This  yields  cadmium  contents  of  x  =  0.09,  0.18, 
and  0.20,  respectively. 

The  missing  of  bound  exciton  (BE)  lines  in  the 
epilayer  luminescence  spectra,  being  quite  un¬ 
usual  for  Zn|__,Cd^Se  systems  (see  refs.  [4,7,9]), 
points  to  binding  of  free  excitons  to  donors  and 
acceptors  to  be  less  probable  in  these  samples, 
indicating  their  good  quality.  In  contrast  to  this,  a 
second  line  occurs  at  the  low-energy  side  of  the 
free  exciton  emission  in  our  SQW  samples,  being 
attributed  to  (D”,  X)  complexes  of  donor-bound 
excitons  (compare  ref.  [6]).  As  expected  for  such 
a  case,  the  intensity  ratio  R  =  decreases 

for  increasing  excitation  intensity  in  the  5  nm 
sample  (Fig.  2a),  due  to  saturation  of  the  number 
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of  donor  sites  available  for  binding  of  free  exci- 
tons.  In  excitation  spectra,  the  free-exciton  ab¬ 
sorption  occurs  as  a  strong  resonance  of  the  BE 
emission.  The  binding  energy  derived  from  the 
energy  separation  to  the  FE  band  (8- 1 1  me V)  is 
well  within  the  expected  range  for  (D**,  X)  sys¬ 
tems.  Bound-exciton  binding  energies  in  QW  sys¬ 
tems  roughly  obey  a  kind  of  Haynes  rule,  i.e. 
[10-12] 

£b,,.XD'’,X)=/h(L,)£o(L,),  (2) 

where  is  the  Haynes  factor  only  weakly  de¬ 
pending  on  the  well  width  L.  and  Ej^(L,)  the 
donor  ionization  energy  strongly  increasing  for  L. 
approaching  and  falling  below  the  3D  donor  ra¬ 
dius.  Thus,  an  increase  of  £b(D”,  X)  by  a  factor 
of  2-2.5  when  compared  to  values  in  the  bulk  [13] 
is  well  understandable  in  the  SQWs  whose  L. 
values  are  close  to  the  donor  Bohr  radii.  Thus, 
BE  emission  in  the  SQWs,  despite  their  absence 
in  the  epilayers  (which  are  grown  under  identical 
conditions),  may  be  caused  by  the  increase  of 
binding  energy  £b(D'’,  X)  in  QWs  which  en¬ 
hances  the  capture  cross  section  for  FE.  In^ddi- 
tion  to  this,  the  creation  of  intrinsic  defects  at  the 
interfaces  of  the  wells  may  increase  the  density  of 
donors  in  QWs. 

As  was  explained  in  section  3  (Fig.  2b),  the 
low-energy  line  gains  more  intensity  than  the 
free-exciton  emission  in  the  3.3  nm  SQW  for 
increasing  excitation  intensity.  The  latter  behav¬ 
ior  was  already  measured  without  interpretation 
in  bulk  ZUfl  2iCdn.7c,Se  [9].  As  the  spectra  of  Fig.  2 
are  normalized  to  the  excitation  intensity,  curves 
1  and  2  clearly  show  that  the  intensity  of  the 
low-energy  line  increases  superlinearly,  while  that 
of  the  free  exciton  increases  linearly.  From  this, 
we  suppose  the  occurrence  of  a  high-excitation 
process  which  emits  light  in  the  same  energy 
region  as  do  the  recombining  (D",  X)  complexes. 
This  interpretation  becomes  quite  reasonable  if 
the  low-intensity  luminescence  spectra  are  di¬ 
rectly  compared.  At  low  densities,  the  3.3  nm 
SQW  exhibits  a  weak  (D”,  X)  emission  compared 
to  the  FE  band,  while  the  opposite  situation  is 
valid  for  the  5  nm  SQW.  Thus,  free-exciton  high- 
density  effects  are  likely  to  occur  for  the  first,  but 


may  be  suppressed  for  the  second  wider  SQW  by 
efficient  exciton  capture  at  donor  centres.  Since 
the  energy  separation  of  the  high-density  band 
with  respect  to  the  FE  emission  is  too  small  to  be 
explained  by  exciton-exciton  collision  (where 
d£  >  |£b(FE),  the  free-exciton  binding  energy), 
it  is  most  probably  due  to  biexciton  formation  in 
the  SQW.  Such  superlinear  biexciton-related 
bands  have  been  found  in  ZnSe/ZnMnSe  QWs 
[14].  The  biexciton  binding  energy  is  not  known 
for  Zn,_,Cd^Se  alloys,  but  amounts  to  1. 1-3.5 
meV  in  ZnSe  [15]  and  0.8- 1.2  meV  in  CdSe  [16], 
so  that  roughly  2  ±  1  meV  have  to  be  expected  in 
Zn„xoCd„2,)Se  bulk.  A  giant  increase  of  the  biex¬ 
citon  binding  energy  under  quantum  confinement 
has  been  reported  for  the  ZnSe/ZnMnSe  system 
[14]  and  confirmed  by  theoretical  calculations  in 
low-dimensional  systems  [17,11,18].  Since  the 
biexciton  wavefunction  is  spread  much  wider  than 
the  exciton  Bohr  radius,  the  biexciton/ exciton 
binding  energy  ratio  is  increased  by  a  factor  of  3 
to  4  in  the  2D  limit  [14,17,1 1].  When,  additionally 
taking  the  increase  of  the  free-exciton  binding 
energy  in  the  2D  case  into  account,  an  increase  of 
the  biexciton  binding  energy  by  a  factor  of  5  to  10 
compared  to  the  3D  case  as  found  in  III-V 
materials  at  respective  L./a^  ratios  [17]  is  rea¬ 
sonable  and  thus  also  to  be  expected  in  the 
systems  described  here. 

The  overall  decay  time  range  of  up  to  130  ps  is 
in  rough  agreement  with  results  from  sponta¬ 
neous  emission  of  a  Zn„x2Cd„  i^Se/ZnSe  SQW 
[23]  and  of  a  Zn„xhCd„  |4Se/ZnSe  superlattice 
[22]  yielding  300  and  100  ps,  respectively,  ob¬ 
tained  from  rough  estimations  of  spectrally  not 
resolved  decay  data.  Especially  with  regard  to  the 
rather  short  decay  times  when  being  compared 
with  those  in  CdSe/ZnSe  QWs  [21],  we  definitely 
do  not  rule  out  competing  nonradiative  relaxation 
channels  for  free  excitons  in  all  presented  cases. 

The  increase  of  the  decay  time  Tj  for  decreas¬ 
ing  energy  of  detection  ^del  found  inside  the 
free-exciton  band  for  epilayers  as  well  as  for  the 
SQW  samples  (Fig.  1)  is  characteristic  for  local- 
ized-exciton  systems  (see,  e.g.,  refs.  [19,20,4]). 
Having  this  aspect  in  mind,  the  transient  behavior 
which  is  perfectly  described  by  an  exponential 
decay  at  any  energy  is,  on  a  first  glance. 
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somewhat  irritating  for  those  transients  taken  on 
the  FE  emission  (Fig.  1  and  Fig.  3,  curves  1  to  3). 
As  is  found  in  other  localized  II-VI  systems  like 
CdS^Se|_j,  bulk  material  [20,19]  or  CdSe/ZnSe 
SQWs  [21],  transients  taken  at  the  high-energy 
side  of  the  exciton  luminescence  band  behave  in 
a  complicated  nonexponential  manner.  In  ref. 
[21]  we  supposed  that  this  complicated  transient 
behavior  is  caused  by  different  relaxation  proba¬ 
bilities  for  excitons  at  a  given  energy  £,  due  to 
the  characteristics  of  the  localizing  potential 
which  forces  some  excitons  to  remain  localized  in 
a  local  minimum  since  deeper  adjoining  minima 
are  lacking.  However,  if  the  length  scale  of  the 
fluctuations  in  potential  energy  is  of  the  order  of 
the  exciton  Bohr  radius  or  even  smaller,  this  idea 
does  not  work.  Then,  the  relaxation  probability 
depends  on  energy  only,  and  the  decay  should 
behave  exponentially,  as  is  the  case  in  our  ternary 
samples. 

Concerning  bound  excitons  in  ternary  alloys,  a 
purely  exponential  decay  is  expected,  at  least  if  it 
is  dominated  by  radiative  recombination,  since 
relaxation  effects  in  the  random  potential  are 
suppressed  by  efficient  localization  of  the  exci¬ 
tons  at  the  impurities.  Such  an  exponential  be¬ 
havior  was  measured  in  Zn,_^Cd,Te  [24],  thus 
being  in  full  agreement  with  our  finding  for  all 
detection  energies  in  the  BE  band  regime.  The 
BE  band  is  broadened  due  to  the  fact  that  the  BE 
binding  energy  should  be  roughly  independent  of 
local  fluctuations  so  that  the  band  shape  resem¬ 
bles  that  of  the  FE.  Because  of  missing  relax¬ 
ation,  increasing  decay  time  might  not  be  ex¬ 
pected  for  decreasing  detection  energy  in  the  BE 
band  regime;  however,  the  true  BE  values 
cannot  be  determined  here  due  to  the  strong 
overlap  of  the  BE  and  FE  emission.  Intentionally 
doped  QW  samples  with  dominating  BE  emission 
would  be  required  for  such  a  study.  The  step-like 
increase  of  rise  time  when  shifting  the  detection 
from  the  FE  onto  the  BE  band  indicates  the  time 
necessary  to  bind  an  FE  to  an  impurity  in  the 
system. 

The  sharp  spectral  features  superimposed  on 
the  exciton  luminescence  under  resonant  excita¬ 
tion  are  spaced  by  32  meV  from  the  energy  of  the 
exciting  laser  Figs-  ^  and  2).  This 


energy  amounts  to  that  of  a  ZnSe  bulk  LO 
phonon.  However,  due  to  the  small  x  values  in 
our  Zn,_^Cd^Se  samples,  it  is  hard  to  decide 
whether  the  phonons  represent  a  Zn,_^Cd^Se 
mode  or  a  ZnSe  mode.  Since  the  occurrence  of 
these  luminescence  structures  does  not  change 
the  transient  behavior  at  a  given  energy  of  detec¬ 
tion  (with  respect  to  the  nonresonant  behavior), 
they  are  attributed  to  an  enhanced  exciton  popu¬ 
lation.  This  enhancement  is  caused  either  by  LO 
phonon  assisted  relaxation  of  excitons  resonantly 
excited  at  or  by  direct  excitation  of  LO 

phonons  and  excitons  at  Ei^,^,  —  Elo  by  the  excit¬ 
ing  photons.  The  first  process  is  suggested  to 
occur  in  Cd^Zn,_^Te/ZnTe  quantum  wells  [25] 
as  well  as  in  CdTe/ZnTe  quantum  wells  [26]. 
Both  processes  are  leading  to  the  same  transient 
decay  behavior,  and  thus,  both  or  at  least  one  of 
them  is  obviously  responsible  for  the  observed 
behavior  in  our  samples.  In  contrast  to  this,  in 
CdSe/ZnSe  SQWs  the  sharp  peaks  are  found  to 
be  phonon  replicas  of  recombining  hot  excitons 
resonantly  excited  at  [21].  Thus,  the  inter¬ 
esting  question  arises  which  material  and  struc¬ 
ture  parameters  govern  the  dominance  of  one  of 
these  mechanisms  in  a  given  QW  structure. 


5.  Conclusions 

In  conclusion,  this  investigation  yielded  optical 
properties  of  Zn,_^Cd^Se/ZnSe  QWs  which  are 
of  interest  not  only  for  basic  research,  but  also 
for  application  in  optoelectronic  devices.  First, 
binding  of  free  excitons  to  donors  is  more  likely 
in  SQWs  than  in  ternary  epilayers.  This  may  be 
caused  by  the  increased  binding  energy  EglD”,  X) 
of  8-11  meV  and/or  by  increased  generation  of 
donor  centres  at  the  Zn,_,Cd^Se/ZnSe  inter¬ 
face  during  growth.  Secondly,  at  high  excitation 
densities  in  SQW  samples  emission  from  recom¬ 
bining  biexcitons  occurs  whose  binding  energy  is 
found  to  exceed  the  3D  value  by  a  factor  of  about 
5  caused  by  quantum  confinement.  The  unusually 
simple  exponential  transient  behavior  of  the  free 
exciton  luminescence  is  probably  caused  by  the 
short  length  scale  of  composition  fluctuations  or 
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by  strongly  competing  nonradiative  relaxation 
channels  in  Zn,_^Cd^Se. 

6.  Acknowledgements 

The  authors  would  like  to  thank  Mr.  K. 
Wundke  for  preparing  the  free  standing  SQW 
layer  and  Mr.  F.  Kubacki  for  measuring  the  exci¬ 
tation  spectra.  The  assistance  of  Mrs.  P.  Wolf  and 
Mr.  T.  Schumann  in  MBE  substrate  preparation 
is  gratefully  acknowledged. 

7.  References 

[1]  M.A.  Haase,  J.  Oiu,  J.M.  DePuydt  and  H.  Cheng.  Appl. 
Phys.  Leu.  59(1991)  1272. 

[2]  H.  Jeon.  J.  Ding,  W.  Patterson,  A.V.  Nurmikko,  W.  Xie, 
D.C.  Grillo,  M.  Kobayashi  and  R.L.  Gunshor,  Appl. 
Phys.  Utt.  59(1991)3619. 

[3]  J.  Ding.  N.  Pelekanos,  A.V.  Nurmikko.  H.  Luo,  N. 
Samarth  and  J.K.  Furdyna,  Appl.  Phys.  Lett.  57  (1990) 
2885. 

(41  S.  Permogorov  and  A.  Reznitzky,  J.  Luminescence  52 
(1992)202. 

[5]  K.  Wundke.  D.  Weckendrup.  U.  Neukirch  and  J. 
Gutowski,  to  be  published. 

[6]  H.J.  Lozykowski  and  V.K.  Shastri.  J.  Appl.  Phys.  69 
(1991)3235. 

[7]  N.  Samarth,  H,  Luo.  J.K.  Furdyna,  R.G.  Alonso,  Y.R. 
Lee,  A.K.  Ramdas,  S.B.  Qadri  and  N.  Otsuka.  Appl. 
Phys.  Lett.  56(1990)  1163. 

[8]  Landolt-Bdrnstein,  New  Series,  Vol.  17,  Subvolume  b. 
Eds.  O.  Madelung,  M.  Schulz  and  H.  Weiss  (Springer, 
Berlin,  1982)  p.  319. 

[9]  A.S.  Nasibov,  L.G.  Suslina,  D.L.  Fedorov,  Y.V,  Ko- 
rostelin,  P.V.  Shapkin  and  L.S.  Markov,  Soviet  Phys.-Solid 
State  31  (1989)  1691. 


[10]  R.C.  Miller.  A.C.  Gossard,  W.T.  Tang  and  O.  Munteanu. 

Solid  State  Commun.  43  (1982)  519. 

[Ill  D  A.  Kleinman.  Phys.  Rev.  B  28  (1983)  871. 

[12]  W.T.  Masselink,  Y.  Chang  and  H.  Morko^,  Phys.  Rev.  B 
32(1985)5190. 

(13|  J.  Gutowski,  N.  Presser  and  G.  Kudlek.  Phys.  Status 
Solidi(a)  120(1990)  11. 

[14]  Q.  Fu.  D.  Lee,  A.  Mysyrowicz,  A.V.  Nurmikko.  R.L. 
Gunshor  and  L.A.  Kolodziejski,  Phys.  Rev.  B  37  (1988) 
8791. 

|15|  O.  Akimoto  and  E.  Hanamura,  Solid  State  Commun.  10 
(1972)  253; 

W.T.  Huang,  Phys.  Status  Solidi  (b)  60  (1973)  309; 

Y.  Nozue.  M.  Itoh  and  K.  Cho,  J.  Phys.  Soc.  Japan  50 
(1981)889. 

[16|  J.  Gutowski  and  1.  Broser.  J.  Phys,  C  20  (1987)  3771. 

[17|  R.C.  Miller,  D.A.  Kleinman,  A.C.  Gossard  and  O. 
Munteanu.  Phys.  Rev.  B  25  (1982)  6545. 

[18]  L.  Banyai,  1.  Galbraith.  C.  Ell  and  H.  Haug.  Phys.  Rev.  B 
36(1987)6099. 

[19]  C.  Gourdon  and  P.  Lavallard.  Phys,  Status  Solidi  (b)  153 
(1989)641. 

[201  H.  Schwab.  C.  Dornfeld,  E.O.  Gobel.  J.M.  Hvam.  C. 
Klingshirn.  J.  Kuhl.  V.G.  Lyssenko.  F.A.  Majumder.  G. 
Noll,  J.  Nunnenkamp,  K.H.  Pantke,  C.  Renner,  A. 
Reznitsky,  U.  Siegner,  H  E.  Swoboda  and  Ch.  Weber, 
Phys.  Status  Solidi  (b)  172  (1992)  479. 

1211  U.  Neukirch,  D.  Weckendrup.  W.  Faschinger,  P.  Juza 
and  H.  Sitter.  J.  Crystal  Growth  1.38  (1994)  849. 

[22]  H.  Jeon.  J.  Ding,  A.V.  Nurmikko.  H.  Luo.  N.  Samarth. 
J.K.  Furdyna.  W.A.  Bonner  and  R.E.  Nahory,  Appl. 
Phys.  Lett.  57  (1990)  2413, 

12,3]  J.  Ding.  H.  Jeon.  A.V.  Nurmikko.  H,  Luo.  N.  Samarth 
and  J.K.  Furdyna.  Appl.  Phys.  Lett.  57  (1990)  2756. 

124)  S.S.  Yom.  S.  Perkowitz,  P.M.  Amirtharaj  and  J.J. 

Kennedy.  Solid  Slate.  Commun.  65  (1988)  1055. 

(251  R.P.  Stanley.  J.  Hegarty.  R,  Fischer.  J.  Feldmann.  E.O. 
Gobel,  R.D.  Feldman  and  R.F.  Austin.  Phys.  Rev.  Lett. 
67(1991)  128. 

[26)  H.  Kalt.  J,  Collet.  S.D.  Baranovskii.  R.  Saleh,  P.  Thomas. 
L.S.  Dang  and  J.  Cibert.  Phys.  Rev.  B  45  (1992)  4253. 


,ou...,o.  CRYSTAL 
GROWTH 


ELSEVIER  Journal  of  Crystal  Growth  138  (1994)  868-872 


Photo-induced  screening  of  the  excitonic  interaction 
in  ZnSe-ZnTe  type  II  strained-layer  superlattices 

B.  Gil  *,  T.  Cloitre,  N.  Briot,  O.  Briot,  P.  Boring,  R.L.  Aulombard 

Groupe  d'Etudes  des  Semiconducleurs.  Unii  ersite  de  Montpellier  II,  Place  Eugene  Batoillon,  Case  Courrier  074, 

F-3409S  Montpellier  Cedex  5,  France 


Abstract 

We  report  the  observation  of  nonlinear  optical  properties  of  ZnSe-ZnTe  supcriattices  under  photo-injected 
carriers,  at  pumped  liquid  helium  temperature.  Identification  of  several  transitions  measured  by  transmission  on 
samples  grown  by  metalorganic  vapour  phase  epitaxy  and  etched  away  from  the  GaAs  substrate  is  made  in  the 
context  of  the  envelope  function  approach.  This  reveals  that  the  conduction  to  valence  band  line-ups  are  type  II  in 
these  samples.  This  situation  is  invoked  in  order  to  interpret  the  efficiency  of  the  cxciton  screening. 


1.  Introduction 

During  the  last  two  decades,  semiconductor 
physics  has  developed  towards  studies  of  low-di¬ 
mensional  systems  made  possible  to  synthetize 
due  to  the  advent  of  modern  growth  techniques 
such  as  molecular  beam  epitaxy  (MBE)  or  met¬ 
alorganic  vapour  phase  epitaxy  (MOVPE).  The 
possibility  to  conceive  new  devices  downstream  of 
the  fundamental  studies  has  not  been  ignored 
howbeit,  and  the  influence  of  free  carriers  on  the 
optical  properties  of  low-dimensional  systems  has 
been  in  particular  the  subject  of  many  investiga¬ 
tions.  The  physics  of  II-VI  compounds  has  not 
yet  undergone  the  investigations  devoted  to  the 
III-V  compounds,  for  which  numerous  applica¬ 
tions  are  expected,  and  has  long  seemed  prone  to 
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remain  embryonic.  The  recent  achievement  of 
p-type  doping  of  ZnSe  by  MBE,  followed  by  the 
realisation  of  II-VI  based  blue-light  emitters  [1- 
4]  renewed  the  interest  for  this  compounds.  On 
the  other  hand,  combining  binary  or  ternary  Il-Vl 
compounds  may  lead  to  superlattices  exhibiting 
type  II  fundamental  band  gaps  wider  than  the  red 
band  gap  obtained  when  using  GaAs-AlAs  based 
quantum  structures.  Such  superlattices  may  also 
presents  efficient  non-linear  optical  behaviour 
(optical  bistability  was  recently  observed  in 
ZnSe-ZnTe  superlattices  grown  on  CaFj  sub¬ 
strates  [5]).  This  gives  strong  potentialities  to  such 
superlattices  in  the  area  of  wide  gap  semiconduc¬ 
tors. 

In  this  communication  we  show  that  the  can¬ 
cellation  of  excitonic  effects  by  photo-injected 
carriers  can  be  easily  produced  in  ZnSe-ZnTe 
superlattices.  This  combination  is  interesting  since 
it  has  a  type  II  band  alignment  in  real  space  [6,7]. 
The  image  charge  effects  correlated  to  differ- 
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ences  in  dielectric  constants  of  ZnSe  and  ZnTe 
plays  an  important  role  in  the  localization  of 
electrons  and  holes  at  the  interfaces.  Moreover, 
strong  confinements  of  electrons  and  holes  by 
large  band  offsets  lead  to  important  values  of 
Rydberg  energies  [8].  Thus  important  energy- 
shifts  of  some  20  meV  are  a  priori  expected  to  be 
measured  when  exciton  screening  is  produced  in 
such  superlattices. 


2.  Experimental  methods  and  results 

We  have  first  grown  short-period  ZnSe-ZnTe 
superlattices  by  MOVPE  on  (100)  GaAs  sub¬ 
strates  after  either  a  ZnSe  or  ZnTe  relaxed  buffer 
layer  was  deposited.  Details  on  growth  apparatus 
and  growth  conditions  have  been  reported  else¬ 
where  [9,10].  The  periods  and  thicknesses  of  the 
individual  layers  were  obtained  from  X-ray 
diffraction  measurements.  Collection  of  X-ray 
data  obtained  for  a  series  of  samples  with  similar 
designs  (80  repeats  of  a  ~  4  nm  building  block 
each  consisting  of  a  1  to  5  monolayers  thick  ZnSe 
barrier  and  a  10  to  20  monolayers  thick  ZnTe 
well)  leads  us  to  conclude  that  such  superlattices 
are  free-standing  whatever  the  buffer  is  (ZnSe  or 
ZnTe).  For  such  structures  grown  onto  a  ZnSe 
buffer  a  complete  relaxation  occurs  in  the  first 
superlattice  periods,  whilst  in  case  of  superlat¬ 
tices  deposited  onto  a  ZnTe  buffer,  the  relaxation 
is  distributed  over  a  large  number  of  periods, 
leading  to  a  free-standing  state  only  near  the 
superlattice  surface  [10]. 

We  have  performed  optical  transmission  mea¬ 
surements  at  superfluid  liquid  helium  tempera¬ 
ture  in  order  to  reveal  several  radiative  transi¬ 
tions.  For  this  purpose,  we  have  grown  a  80-period 
superlattice  on  a  5  /am  thick  ZnTe  buffer  layer, 
each  period  being  constituted  of  a  7.9  A  thick 
ZnSe  layer  and  a  32.7  A  thick  ZnTe  layer.  The 
substrate  was  removed  by  chemical  etching  using 
a  7%  aqueous  solution  of  NaOQ.  This  experi¬ 
ment  summarised  in  Fig.  1  reveals  the  broad 
plateau-shaped  absorption  characteristics  of  two- 
dimensional  semiconductors.  The  shape  of  the 
absorption  in  type  I  and  type  II  superlattices  has 
been  investigated  by  Voisin  et  al.  [11].  Deconvo- 


Energy  (eV) 

Fig.  1.  2  K  absorption  spectrum  of  a  ZnSe-ZnTe  free  stand¬ 
ing  superlattice. 


lution  of  the  spectrum  in  order  to  extract  the 
contribution  of  the  superlattice  to  the  absorption 
from  the  contribution  of  the  Urbach  tail  of  the 
ZnTe  buffer  is  difficult  since  the  buffer  layer  is 
thick  (5  /im)  compared  to  the  superlattice  (325 
nm).  This  currently  prevents  us  from  determining 
the  absolute  value  of  the  absorption  coefficients 
for  the  different  plateaux  with  an  accuracy  better 
than  25%.  The  measured  absorption  coefficient  is 
3x  10'*  cm"*.  This  value  is  to  be  compared  to 
those  obtained  for  other  Il-VI  superlattices 
grown  by  MBE  like  CdSe-(Zn,  Mn)Te  type  II 
superlattices  (3.7  x  10'*  cm"')  [12]  or  ZnSe- 
(Zn,Cd)Se  type  I  superlattices  (10“*  cm"')  [13]. 
Knowledge  of  the  absorption  coefficient  is  impor¬ 
tant  in  order  to  establish  the  relationship  be¬ 
tween  the  photo-induced  carrier  densities  and  the 
photo-excitation  power  density.  An  identification 
of  the  observed  transitions  is  offered  in  Fig.  1. 
This  identification  is  based  on  calculation  of  the 
electronic  structure  of  superlattice  using  a  multi¬ 
band  description  of  the  envelope  function  formal¬ 
ism  and  a  strain-free  value  of  1200  meV  for  the 
valence  band  offset.  We  note  that  the  observation 
of  zone  centre  transitions  as  well  as  transition 
associated  with  the  miniband  dispersion  can  be 
reported.  The  envelope  functions  calculated  for 
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the  first  electron,  light-hole  and  heavy-hole  sub¬ 
bands  are  reported  in  Fig.  2.  Data  corresponding 
to  the  second  heavy-hole  states  are  also  given  in 
order  to  point  out  that  the  overlap  between  enve¬ 
lope  functions  of  e,{z)  and  hhjfz)  states  is  not 
zero,  making  the  e,hh2(z)  saddle  point  transition 
observable.  Observation  of  sharp  peak  at  the 
resonance  energies  is  not  reported.  This  we  at¬ 
tribute  to  a  broadening  of  the  exciton  resonance 
related  to  fluctuations  of  the  thickness  of  both 
ZnSe  and  ZnTe  layers.  We  note  particularly  that, 
due  to  the  very  small  ZnSe  layer  thickness  (7.9 
A),  one  could  expect  an  important  variation  of 
the  confinement  energy  of  the  electron  for  a 
single  monolayer  fluctuation  of  the  ZnSe  thick¬ 
ness. 

We  now  discuss  the  influence  of  the  injection 
density  on  the  photoluminescence.  Fig.  3  displays 
the  evolution  of  the  photoluminescence  band  of 
the  superlattice  when  the  intensity  of  the  488  nm 


Fig.  2.  Envelope  functions  for  the  first  relevant  states.  Full 
(dashed)  lines  are  for  the  calculation  at  zone  centre  (Z 
mini-zone  edge). 


Fig.  3.  Evolution  of  the  normalized  photoluminescence  with 
pump  power.  The  pump  power  increases  from  bottom  to  top. 
Inserted  is  the  logarithm  plot  of  the  integrated  intensity 
against  the  photo-excitation  power  density. 

line  of  an  argon  ion  laser  was  scaled  over  three 
decades.  The  highest  power  density  estimated 
from  the  experimental  conditions  was  4(X) 
W/cm^.  The  integrated  intensity  of  the  photolu¬ 
minescence  follows  a  linear  power  law  of  the 
excitation  (see  insert  of  Fig.  3).  We  note  that 
even  under  high  excitation  condition,  we  do  not 
observe  any  significant  broadening  of  the  photo¬ 
luminescence  band,  whose  energy  position  satu¬ 
rates  at  around  25  meV  above  the  value  mea¬ 
sured  under  low  excitation  condition.  The  magni¬ 
tude  of  the  blue-shift  first  depends  linearly  upon 
injection  density,  but  saturates  at  higher  pump 
intensities  as  observed  with  GaAs-(Ga,  Al)As 
microstructures  of  various  thicknesses  under 
moderate  injection  densities  [14].  Let  us  now 
briefly  review  the  state  of  the  art  for  the  GaAs- 
(Ga,  Al)As  combination.  For  type  I  microstruc¬ 
tures,  for  wich  both  electrons  and  holes  are  con¬ 
fined  in  the  same  layer  (GaAs),  the  blue-shift 
observed  under  low  excitation  conditions  was  in¬ 
terpreted  in  terms  of  the  existence  of  an  exciton 
gas  rather  than  an  electron-hole  plasma  [14].  For 
sufficiently  large  injection  densities,  a  gain  region 
appears  below  the  absorption  edge  of  the  semi- 
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conductor,  due  to  recombination  in  a  photoex- 
cited  plasma  [15].  The  situation  is  somewhat  dif¬ 
ferent  for  type  II  GaAs-AlAs  microstructures  for 
which  the  spatial  separation  of  electron  and  holes 
in  real  and  reciprocal  spaces  creates  a  space 
charge  potential  [16].  We  note  particularly  that 
no  experimental  observation  of  optical  gain  has 
been  reported  for  this  system  to  our  knowledge. 

In  our  experiment,  the  line  shape  of  the  photo¬ 
luminescence  is  almost  independent  of  the 
photo-carrier  density.  Thus,  the  saturation  of  the 
photoluminescence  energy  is  not  related  to  the 
creation  of  a  dense  electron-hole  plasma  and  the 
subsequent  onset  of  band  gap  renormalisation 
effects,  which,  if  any,  would  have  strongly  broad¬ 
ened  the  photoluminescence  and  modify  its  line- 
shape.  Since  the  photoluminescence  energy  peak 
falls  in  the  low  energy  tail  of  the  first  structure 
observed  in  the  transmission  spectrum,  this  emis¬ 
sion  could  be  related  to  carriers  trapped  on  struc¬ 
tural  defects.  In  order  to  determine  the  areal 
density  of  such  defects,  we  have  performed  a 
study  using  ETOCAPS  (etching  technique  on 
chemically  angle  polished  samples)  [17-19]  at 
“Laboratoire  Central  Jet  Recherches  Thomson- 
CSF”.  This  experiment  revealed  an  areal  struc¬ 
tural  defect  density  of  10*  cm'^.  Next,  we  have 
correlated  the  photo-excitation  power  density  with 
the  induced  photocarrier  density.  Most  of  the 
incident  photons  (A  =  488  nm)  are  absorbed  in 
the  superlattice  (the  absorption  coefficient  ex¬ 
ceeds  10^  cm”'  for  this  radiation).  In  the  sim¬ 
plest  approach,  where  diffusion  and  surface  re¬ 
combination  are  neglected,  the  injection  rate  is 
given  by 


dn/d/  =  (l -/?)/oa  e”“‘'-«/T  =  0,  (1) 

n  =  {l-R)l„aTf  e-""d2,  (2) 

‘'superlatticc 


where  /„  represents  the  incident  areal  pump  den¬ 
sity,  and  a  and  R  are  the  absorption  and  reflec¬ 
tivity  coefficients,  respectively.  Thus,  at  400 
W/cm^,  a  plasma  density  of  some  10'^  cm”^  is 
generated  if  the  radiative  lifetime  r  is  some  1  ns, 
a  value  reasonable  for  type  II  superlattices. 


In  calculating  the  induced-electric  field  effects 
correlated  to  the  presence  of  free  carriers  in  the 
superlattice,  we  need  to  obtain  the  wave  func¬ 
tions  for  various  photocanier  densities,  and  then, 
to  evaluate  the  modification  of  the  image  charge 
effect  (a  value  of  3  meV  is  obtained  from  the  zero 
charge  calculation).  We  have  computed  the  elec¬ 
tronic  structure  of  the  sample  as  a  function  of  the 
areal  carrier  density,  in  the  simplest  possible  ap¬ 
proach,  by-self  consistently  solving  Poisson’s  and 
Schrodinger’s  equations.  In  view  of  subbands  sep¬ 
arations  in  the  valence  band,  and  the  low  temper¬ 
ature  of  the  experiment,  we  limited  the  phase 
space  filling  to  the  first  heavy-hole  state.  This 
required  to  solve  local  equations  of  the  kind: 


-h^  d  1  a 

8Tr^  bz  m^{z)  bz 


+  V^{z)-qztl>-E, 


XAc(^)=0.  (3) 

with 


<i>(z+Az)  -  ii>{z) 


«(0 


(4) 


In  these  equations,  as  usual,  Xe  represents  the 
envelope  functions,  the  potential  line-ups  and 
the  z-dependent  carrier  confining  masses  (with 
c  =  e  or  hh  for  the  electron  and  heavy  hole, 
respectively).  The  integral  <P  is  calculated  for 
various  areal  carrier  densities  <t,  and  eiz)  is  the 
dielectric  constant.  <P  is  nothing  else  than  the 
local  polarization  field  photo-induced  between  z 
and  z  +  Az.  From  symmetry  arguments  (we  only 
fill  one  electron  and  one  heavy-hole  band),  it  is 
obvious  that  <P  vanishes  at  the  middle  of  both 
ZnTe  and  ZnSe  layers.  Fig.  4  illustrates  the 
blue-shift  obtained  from  this  calculation.  We  ob¬ 
tain  a  linear  dependence,  whilst  the  experimental 
observation  is  non-linear.  Moreover,  because  of 
the  strong  confining  potentials,  the  envelope 
functions  are  not  significantly  altered  and  the 
image  charge  effect  calculated  using  Eq.  (8b)  of 
ref.  [8]  remains  sensibly  constant  whatever  a  is. 
At  this  stage  we  interpret  the  observed  blue  shift 
in  terms  of  screening  of  the  exciton  by  photo-in¬ 
duced  electron-hole  pairs.  The  effect  is  found  to 
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Fig.  4.  Blue  shift  of  the  electron-to-heavy-hole  transition 
energy  as  a  function  of  carrier  density. 

be  rather  efficient  comparing  to  the  situation  in 
III-V  compounds. 


3.  Conclusion 

We  have  performed  optical  transmission  mea¬ 
surements  on  ZnSe-ZnTe  superlattices  and  evi¬ 
denced  for  the  first  time  a  nonlinear  blue-shift  of 
the  photoluminescence  with  the  photo-excitation 
power  density.  From  theoretical  modelling,  we 
deduced  that  such  superlattices  are  type  II  with  a 
large  valence  band  offset  of  1200  meV.  The  ab¬ 
sorption  coefficient  estimated  from  the  absorp¬ 
tion  spectrum  is  around  3  x  10“  cm"'.  We  also 
deduced  that  the  observed  blue-shift  of  the  pho¬ 
toluminescence  peak  is  related  to  the  screening 
of  the  exciton  by  the  electric  field  resulting  from 
the  spatial  separation  of  the  photo-induced  free 
carriers  in  the  type  II  superlattice. 
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Abstract 

The  decay  time  of  excitons  bound  to  neutral  acceptors  (I,  line)  appearing  in  low  temperature  ZnS  films  on  GaAs 
(100)  substrates  grown  by  vapor  phase  epitaxy  was  measured  for  the  first  time  with  the  use  of  a  streak  camera.  The 
measured  decay  time  of  ~  190  ps  agreed  with  a  value  calculated  by  the  giant  oscillator  strength  model.  Under 
tunable  (3.7-3.9  eV)  picosecond  light  pulse  excitations,  resonant  enhancements  of  Raman  scattering  intensities  were 
.seen  for  LO-,  2LO-,  3LO-,  TO-  and  2TO-phonon  lines.  The  dependence  of  2LO-phonon  Raman  line  intensity  on 
excitation  photon  energy  showed  resonance  enhancements  with  free  and  bound  cxciton  states. 


1.  Introduction 

ZnS  is  a  wide-band-gap  11-Vl  semiconductor 
and  a  promising  material  for  blue-light  emitting 
optical  devices.  Successful  p-type  doping  has  been 
reported  [1,2],  but  the  physics  of  impurity  behav¬ 
ior  are  now  under  investigation.  Bound  exciton 
emissions  (1,  and  emissions  from  neutral  ac¬ 
ceptor-  and  neutral  donor-bound  excitons,  re¬ 
spectively)  were  reported  to  appear  in  epitaxial 
ZnS  films  on  GaAs  substrates  [3-5].  Studies  of 
decay  kinetics  of  the  bound  exciton  emissions  will 
give  important  information  on  the  characteriza¬ 
tion  of  the  bound  excitons  and  impurities.  How¬ 
ever.  the  decay  kinetics  of  the  bound  excitons  in 
ZnS  has  not  been  studied  extensively.  (For  bulk 
ZnSe,  see  ref.  [6].) 
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In  exciton  emission  region  spectra,  .some  sharp 
lines  were  reported  to  appear  by  excitation  of  a 
325  nm  (3.SI5  eV)  line  from  a  Hc-Cd  laser  [2]. 
These  lines  were  reported  to  be  Raman  scatter¬ 
ing  lines  resonantly  enhanced  with  the  free  exci¬ 
ton  state  [7].  One  can  examine  the  behavior  of 
re.sonance  enhancements  of  these  Raman  scatter¬ 
ing  intensities  by  the  use  of  a  tunable  light  source, 
and  consider  the  main  contribution  prrKess  to  the 
scattering.  For  the  second  order  (2LO-phonon) 
Raman  .scattering  in  CdS.  the  successive  two-pho¬ 
non  scattering  prcKe.ss  was  reported  to  be  a  domi¬ 
nant  process  [8].  However,  there  is  no  report  on 
the  scattering  process  of  2LO-phonon  lines  in 
ZnS. 

This  paper  reports  the  decay  kinetics  of  the 
neutral  acceptor  bound  excitons  in  picosecond 
time  .scale  for  epitaxial  ZnS  films  on  (100)  GaAs 
substrates  grown  by  vapor  phase  epitaxy  and  res¬ 
onant  enhancement  behavior  of  Raman  intensi- 
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ties  by  the  use  of  a  tunable  (3. 7-3. 9  eV)  picosec¬ 
ond  light  source.  Measured  values  of  the  decay 
time  of  the  bound  exciton  emission  are  analyzed 
with  the  giant  oscillator  strength  model.  Discus¬ 
sion  is  made  for  the  enhancement  behavior  ob¬ 
served  for  the  2LO-phonon  scattering  process. 


2.  Experimental  procedure 

Measurement  was  done  for  two  ZnS  films  (No. 
190  and  V73)  of  p-type  conduction  grown  on 
(100)  GaAs  substrates  by  vapor  phase  epitaxy  [2]. 
The  samples  cooled  at  14  K  in  a  cryostat  were 
excited  by  the  second  harmonics  (3.7-3. 9  eV, 
~  1(X)  /LiW)  of  picosecond  light  pulses  from  a  CW 
mode-locked  and  cavity-dumped  (at  4  MHz  repe¬ 
tition  rate)  DCM  dye  laser  which  was  syn¬ 
chronously  pumped  by  the  second  harmonics  of  a 
CW  mode-locked  Nd ;  YAG  laser.  Time-in¬ 
tegrated  intensities  of  the  bound  exciton  emission 
and  Raman  scattered  radiation  were  measured 
with  a  combination  of  a  30  cm  double  monochro¬ 
mator  and  a  cooled  photomultiplier  followed  by  a 
photon  counter.  The  combination  of  a  single 
polychromator  and  a  synchronously-scanning 
streak  camera  (effective  resolution  of  80  ps)  with 
a  cooled  CCD  area  sensor  was  used  to  measure 
the  intensities  of  the  emission  and  scattered  radi¬ 
ation  as  functions  of  wavelength  and  time  in  a 
single  measurement.  Temporal  behavior  of  the 
bound  exciton  emi.ssion  and  the  scattered  radia¬ 
tion,  which  was  used  to  separate  the  emission  and 
scattering  processes,  was  observed  by  the  use  of 
the  double  monochromator  and  a  microchannci 
plate  photomultiplier  followed  by  a  time-corre¬ 
lated  single-photon  counting  system  (effective 
resolution  of  l(K)  ps). 


3.  Results  and  discussion 

/.  Decay  limes  of  the  hound  exciton  emissions 

Fig.  1  shows  the  time-integrated  exciton  region 
spectra  in  sample  No.  190  at  16  K  under  excita¬ 
tion  by  the  tunable  light  at  several  photon  ener¬ 
gies.  The  emission  at  3.781  eV  denoted  as  I,  was 


WAVELENGTH  (nm) 


329  328  327  326  325 


PHOTON  ENERGY  (eV) 


Fig.  1.  Enhancement  of  the  21.0  o-'man  scattering  line  rest)- 
nant  with  the  free  exciton  (!  i.)  ajid  the  bound  exciton  I,)  in 
VPE  ZnS  at  16  K  C,  denotes  the  exciting  photon  energy. 


Considered  to  be  due  to  annihilation  of  excitons 
bound  to  neutral  acceptors.  The  free  exciton 
emission  was  not  observed  in  sample  No.  190. 
The  free  exciton  energy  (£,\)  was  determined  to 
be  3.799  eV  at  14  K  from  a  reflectance  anomaly. 
A  line  denoted  as  2LO  is  a  Raman  line  scattered 
by  two  LO-phonons.  Fig.  2  shows  the  temporal 
behavior  of  the  2LO-phonon  Raman  scattering 
intensity  and  that  of  the  /,  emission  intensity 
under  the  above  band-gap  excitation  at  3.887  eV 
which  was  obtained  with  the  use  of  the  streak 
camera.  The  Raman  intensity  was  synchronized 
with  the  exciting  light  pulse,  whereas  the  1 ,  emis¬ 
sion  grew  up  until  about  30  ps  after  the  exciting 
light  pulse.  This  time  would  correspond  to  the 
formation  time  of  bound  excitons  and/or  the 
trapping  time  of  free  excitons  by  acceptors.  The 
decay  times  of  the  I,  emission  in  samples  No.  190 
and  V73  were  estimated  to  be  I 'Hi  .ind  196  ps. 
respectively.  A  calculation  of  the  di  .  ay  nme  for  a 
bound  exciton  can  be  done  bx  th  t  oscillator 
strength  model  given  by  Henn  \  os-iu  [9]. 
Taking  m^  (electron  effective  ni  i-  m^ 

(hole  effective  mass)  =  0.42m, /,  (oscillator 
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Strength  of  free  exciton  per  molecule)  =  4.3  x 
10“  ’  [10],  A  (wavelength  of  transition  in  cm)  = 
327.9x  10“’,  £b  (binding  energy)  =17  meV, 
■^moi  (volume  of  one  ZnS  '"•^lecule)  =  39.6  A’, 
and  n  (refractive  index)  =  2.4,  the  decay  time 

T  =  4.50A’f2„„,(2(m^  + 

was  calculated  to  be  161  ps,  which  compares 
reasonably  well  with  the  experimentally  observed 
values. 

3.2.  Resonant  enhancement  of  Raman  intensities 
and  scattering  processes 

As  is  seen  in  Fig.  1,  the  2LO-phonon  Raman 
line  intensity  was  resonantly  enhanced  when  exci¬ 
tation  photon  energy  £„  became  £, +  2£lo 
3.886  eV)  or  +  2£lo  (=3.869  eV).  The  en¬ 
hancement  in  the  latter  case  is  seen  better  at 
£e,  -  £,  =  70  meV  in  Fig.  3.  Similar  resonant 
enhancement  was  observed  for  other  lines  of  LO, 
TO.  LO  +  TO,  and  3LO-phonons  with  excitation 


Fig.  2.  Temporal  behavior  of  (a)  2LO  Raman  scattering  inten¬ 
sity  and  (b)  bound  exciton  (I,)  emission  under  the  resonant 
exciting  condition  (£„  =  £,  -h2£,o)  in  ZnS  (V7.1)  at  14  K 
excited  by  3.887  eV  light.  The  decay  time  of  the  I,  emission 
intensity  is  1%  ps.  The  inset  shows  a  time-integrated  spec¬ 
trum. 


Fig.  3.  2LO  Raman  intensity  in  ZnS  (No.  IVO)  as  a  function  of 
exciting  light  frequency.  Theoretical  curves  of  the  2LO  Ra¬ 
man  intensity  are  shown  for  three  processes  of  (1)  simultane¬ 
ous  two-phonon  scattering.  (2)  successive  two-phonon  scatter¬ 
ing  and  (3)  two  consecutive  first-order  one-phonon  scattering. 

at  ^x+P^lo  +  Q^  to  or  at  £„'-£be  + 

pEiQ  +  qEj(y,  where  p  and  q  are  integers.  To 
clarify  the  Raman  scattering  process  of  2LO-pho- 
nons,  we  measured  excitation  photon  energy  de¬ 
pendence  of  the  time-integrated  intensity  of  the 
2LO  Raman  line.  The  result  is  shown  in  Fig.  3  by 
open  circles  as  a  function  of  E^.^  -  £,,  where  £„ 
is  the  excitation  photon  energy.  When  £„  -  £,  ~ 
-46  meV.  some  background  luminescence  hav¬ 
ing  a  longer  decay  time  of  about  300  ps  was 
observed.  Using  the  time-correlated  single-pho¬ 
ton  counting  system  combined  with  the  double 
monochromator,  this  background  luminescence 
could  be  subtracted  from  the  measured  intensity 
data.  The  closed  circles  in  Fig.  3  show  the  data 
corrected  by  the  above  procedure.  The  data  near 
£„-£,=  -17  meV  are  considered  to  contain 
contribution  of  I,-2LO  luminescence. 

For  the  2LO-phonon  Raman  line,  three  scat¬ 
tering  processes  are  known  [11]:  (1)  simultaneous 
two-phonon  scattering,  (2)  successive  two-phonon 
scattering  and  (3)  two  consecutive  first-order 
one-phonon  scattering.  The  enhancement  behav¬ 
ior  in  Fig.  3  seems  to  be  explained  as  the  proce.ss 
(1),  since  the  intensity  variation  was  fitted  to  the 
(£, -F2£Lo-£ex^  ‘  relation  with 

the  free  exciton  resonance.  In  the  case  of  CdS  the 
successive  two-phonon  scattering  process  was  re- 
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ported  to  be  the  dominant  process  [8],  However, 
in  our  data  when  the  excitation  photon  energy 
was  located  between  E„-E^=  -17  meV  (the 
bound  exciton  energy)  and  E^^  -E^  =  0  (the  free 
exciton  energy),  the  Raman  scattering  intensity 
had  decreased.  This  suggests  that  the  effect  of 
the  bound  excitons  should  be  added  in  the  fitting 
procedure.  In  order  to  identify  the  dominant  Ra¬ 
man  scattering  process  of  ZnS,  comparison  with 
samples  showing  no  I,  emission  is  thought  to  be 
necessary.  Measurements  with  samples  showing 
1 2  (donor  bound  exciton)  emission  are  also  desir¬ 
able. 
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Abstract 

Results  of  neutron  scattering  studies  on  MnTe/CdTe  superlattices  with  ultrathin  non-magnetic  CdTe  “barriers" 
are  presented  and  compared  with  data  from  earlier  studies  on  MnSe/ZnSe.  MnTe/ZnTe.  and  MnSe/ZnTe 
multilayers  with  thick  non-magnetic  spacers.  The  experiments  revealed  two  qualitatively  new  effects  -  namely,  (i)  the 
existence  of  pronounced  interlayer  magnetic  correlations  in  the  case  of  the  CdTe  thickness  corresponding  to  two 
single  monolayers  and  (ii)  the  coexistence  of  two  magnetic  phases  that  never  occurred  simultaneously  in  the 
previously  studied  systems. 


1.  Introduction 

We  report  the  first  results  of  neutron  diffrac¬ 
tion  studies  of  spin  ordering  phenomena  in 
MnTe/CdTe  superlattices.  This  system  belongs 
to  the  family  of  artificial  multilayered  structures 
composed  from  zinc-blende  (ZB)  Il-VI  semicon¬ 
ducting  compounds  and  Mn  chalcogenides  using 
the  techniques  of  molecular  beam  epitaxy  (MBE) 
or  atomic  layer  epitaxy  (ALE).  Other  known  ex¬ 
amples  of  binary  systems  from  this  group  are 
MnSe/ZnSe,  MnTe/ZnTe,  or  MnSe/ZnTe  su¬ 
perlattices. 

The  Mn-VI/lI-Vl  multilayers  are  highly  in¬ 
teresting  magnetic  systems  for  several  reasons. 


*  Corresponding  author. 


One  of  these  is  that  in  such  artificial  structures  - 
due  to  the  epitaxial  growth  conditions  and  to 
“sandwiching”  between  layers  of  ZB  II- VI  mate¬ 
rials  -  the  Mn-VI  constituent  is  also  enforced  to 
grow  in  the  ZB  phase.  It  should  be  noted  that 
these  tetrahedral  crystallographic  modifications 
of  MnSe  and  MnTe  cannot  be  obtained  by  any  of 
the  known  bulk  growth  techniques.  In  contrast  to 
the  naturally  existing  crystals  (of  the  NaCl,  and  of 
the  NiAs  structure,  respectively)  which  belong  to 
common  antiferromagnetic  (AF)  classes,  the  ZB 
forms  offer  unique  practical  realizations  of  one  of 
the  most  intriguing  AF  systems  -  namely,  an 
FCC  Heisenberg  spin  lattice  with  dominant  near¬ 
est-neighbor  (NN)  AF  interactions.  Such  a  lattice 
is  naturally  “frustrated”  (i.e.,  all  AF  bonds  can¬ 
not  be  simultaneously  satisfied),  and  one  of  the 
important  consequences  of  this  fact  is  a  strong 
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degeneracy  of  the  magnetic  ground  state.  This 
degeneracy  can  be  lifted  by  weak  symmetry¬ 
breaking  perturbations,  either  intrinsic  or  exter¬ 
nally  induced  -  e.g.,  by  magnetic  dilution, 
dipole-dipole  or  Dzyaloshinski-Moriya  aniso¬ 
tropic  terms  in  the  spin-spin  interaction  Hamil¬ 
tonian,  or  by  external  strains.  As  has  been  theo¬ 
retically  predicted  [1],  such  circumstances  may 
stabilize  some  of  the  degenerate  ground  state 
configurations,  and  thus  produce  a  rich  variety  of 
collinear  and  non-collinear  AF  structures.  How¬ 
ever,  the  limited  availability  of  naturally  existing 
NN  FCC  antiferromagnets  has  resulted  in  rela¬ 
tively  little  experimental  work  in  this  field. 

The  emergence  of  the  MBE-grown  ZB  forms 
of  MnSe  and  MnTe  opens  new  opportunities  for 
such  studies  -  especially,  for  investigating  the 
strain-induced  effects.  It  should  be  noted  that  the 
MnSe  and  MnTe  layers  stabilized  in  the  SL  struc¬ 
tures  are  invariably  strained  due  to  the  relatively 
large  (2-4%)  lattice  mismatch  between  the  con¬ 
stituent  materials.  As  shown  by  X-ray  and  neu¬ 
tron  diffraction  measurements,  the  lattice  param¬ 
eters  match  up  in  the  multilayer  plane  (xy)  to 
establish  one  “common”  period,  while  in  the 
perpendicular  direction  (z)  they  accordingly  con¬ 
tract  or  elongate  to  diminish  the  change  in  the 
material  volume  (Fig.  1).  In  other  words,  both 
lattices  experience  a  tetragonal  distortion,  with 
the  c /a  ratio  being  >  1  for  one  of  them,  and  <  1 


(a)  (b) 


Fig.  1.  A  scheme  illustrating  lattice  distortion  effects  in  a 
binary  su[>erlattice  consisting  of  two  materials  with  different 
lattice  periods.  Plot  (a):  unstrained  materials  with  lattice 
parameters  a'  >  a".  Plot  (b);  a  bilayer  with  a  “common" 
lattice  period  a"  <  a,,  <  a'  in  the  layer  plane  and 
appropriately  changed  periodicities  ic'>a',  c"<a")  in  the 
growth  direction  (z). 


Table  1 

Undistorted  lattice  parameters  of  the  constituent  materials, 
and  typically  observed  c /a  values  in  the  strained  Mn- VI 
layers  in  previously  studied  12-4]  MBE-grown  Mn-VI/Zn-VI 
superlattice  systems  with  relatively  thick  non-magnetic  layers, 
and  in  MnTe/CdTe  multilayers  prepared  by  the  combined 
MBE/ALE  technique  investigated  in  the  present  work 


Layer 

materials 

Undistorted  lattice 
parameters  (A) 

Mn-VI  II-VI 

material  material 

c/a 
for  the 

Mn-VI 

lattice 

MnSe/ZnSe 

5.90 

5.67 

~  1.05 

MnTe/ZnTe 

6.34 

6.10 

~  1.06 

MnSe/ZnTe 

5.90 

6.10 

-0.94 

MnTe/CdTe 

6.34 

6.49 

-  0.98-0.99 

for  the  other.  Hence  -  as  is  illustrated  by  Table  1 
-  by  taking  various  material  combinations,  one 
can  obtain  magnetic  layers  with  two  different 
distortion  types.  As  shown  by  previous  neutron 
diffraction  studies  on  Zn-based  forms  (MnSe/ 
ZnSe,  MnTe/ZnTe,  and  MnSe/ZnTe  [2-4]),  the 
strain  indeed  has  a  profound  influence  on  spin 
ordering  phenomena  and  phase  transition  behav¬ 
ior  in  the  frustrated  Mn-Vl  layers.  One  nothe- 
worthy  finding  of  those  studies  was  that  a  tensile 
strain  (which  is  the  case  in  MnSe/ZnTe  superlat¬ 
tices)  produces  a  transition  to  a  new  incommen¬ 
surate  helical  AF  phase  which  has  not  yet  been 
observed  in  any  other  FCC  antiferromagnet  [2]. 

The  MnTe/CdTe  superlattices  discussed  in 
the  present  work  offer  another  example  of  a 
system  with  tensile  strain  in  the  magnetic  layers. 
However,  an  interesting  novel  aspect  of  these 
multilayers  is  that  here  the  magnitude  of  the 
strain  may  be  considerably  lower  than  in  the 
previously  investigated  MnSe/ZnTe  structures. 
All  the  Mn-Vl/Zn-VI  specimens  for  neutron 
diffraction  studies  have  been  grown  by  MBE,  and 
the  stability  of  the  growth  process  in  this  method 
can  be  ensured  only  if  the  thicknes  of  the  Zn-VI 
“spacers”  is  larger  than  that  of  the  Mn-VI  lay¬ 
ers.  Hence,  the  distortion  of  the  Mn-VI  lattice  is 
stronger  than  for  the  Zn-VI  lattice. 

The  MnTe/CdTe  specimens  have  been  pre¬ 
pared  using  a  combined  method  which  utilizes 
the  technique  of  ALE  for  the  growth  of  CdTe 
layers.  As  has  been  demonstrated  by  the  Linz 
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group  [5-9],  this  modification  allows  the  prepara¬ 
tion  of  good-quality  superlattices  with  extremely 
thin  (2-3  monolayers)  CdTe  spacers,  and  much 
thicker  MnTe  layers  (even  up  to  10  monolayers). 
Due  to  the  changed  thickness  proportions,  the 
distortion  of  the  AF  lattice  is  decidedly  weaker 
than  in  the  previously  studied  case  of  MnSe/ 
ZnTe  (see  Table  1),  thus  allowing  the  investiga¬ 
tion  of  the  onset  of  incommensurate  helical  ef¬ 
fects.  An  additional  highly  interesting  aspect  of 
such  specimens  is  -  in  contrast  to  the  situation  in 
the  systems  with  MBE-grown  Zn-VI  layers  - 
that  the  non-magnetic  layer  thickness  becomes 
comparable  with  the  range  of  the  Mn-Mn  AF 
exchange.  This  leads  to  obsevable  magnetic  inter¬ 
layer  coupling  effects  which  have  never  been  seen 
in  any  of  the  Mn-VI/Zn-VI  systems  [2-4]. 

In  section  2  of  this  paper  we  briefly  recapitu¬ 
late  the  results  of  previous  neutron  studies  of 
Mn-Vl  layered  systems  with  various  strain  types. 
In  section  3  we  describe  the  technique  of  prepa¬ 
ration  of  MnTe/CdTe  multilayers  in  greater  de¬ 
tail,  and  present  the  results  of  first  neutron 
diffraction  experiments  on  such  specimens.  In 
section  4  we  summarize  and  discuss  the  results. 


2.  Studies  of  Mn-VI/Zn-Vl  multilayers  and 
MnTe  single  crystal  films 

Unstrained  lattice:  MnTe  fdms.  In  contrast  to 
the  situation  in  multilayered  forms,  MBE-grown 
MnTe  single  crystal  films  are  essentially  strain- 
free  due  to  their  relatively  large  (~  1  ^m)  thick¬ 
ness.  Such  films  provide  therefore  “standards” 
with  which  to  compare  the  results  from  the 
strained  layers.  Low-temperature  diffraction  data 
from  the  films  reveal  the  formation  of  the  ex¬ 
pected  Type  III  AF  structure  (AFM-III)  with  an 
(a,a,2a)  unit  cell.  The  cubic  symmetry  dictates 
three  possible  domain  configurations  (Fig.  2),  and 
all  of  them  are  indeed  seen  [3]  in  the  films.  The 
temperature  dependence  of  the  magnetic  peak 
intensity  indicates  a  first-order  AF  phase  transi¬ 
tion  which  is  in  agreement  with  the  predictions  of 
the  renormalization  group  theory  for  AFM-III 
systems  [10], 


Fig.  2.  Three  possible  AFM-III  domain  configuration  in  an 
epitaxial  layer  grown  on  a  (001)  substrate.  While  in  a  bulk 
crystal  these  three  states  are  equivalent,  in  an  epitaxial  layer 
the  magnetic  energy  for  the  “Z  "  configuration  may  be  differ¬ 
ent  from  that  for  the  "X"  and  "V”  configurations  due  to 
strain-induced  anisotropy  in  the  exchange  interactions. 


Strained  layers  with  c  /  a>  1:  MnSe  /  ZnSe  and 
MnTe /ZnTe  superlattices.  The  experiments  [3,4] 
show  that  MnSe  and  MnTe  layers  exhibit  the 
same  spin  structure  which  is  seen  in  unstrained 
MnTe  films,  but  now  only  a  single  AFM-Ill  do¬ 
main  state  is  populated  -  namely,  the  one  with 
the  magnetic  unit  cell  doubling  direction  parallel 
to  the  SL  axis  (the  “Z”  configuration  in  Fig.  2). 
This  preference  is  clearly  a  manifestation  of  strain 
effects:  the  lattice  distortion  leads  to  slight 
changes  in  the  Mn-Mn  distances,  thus  introduc¬ 
ing  an  anisotropy  in  the  NN  exchange  coupling. 
Consequently,  the  magnetic  energies  of  different 
domain  states  are  no  longer  equivalent.  In  fact, 
the  observed  configuration  is  the  one  that  mini¬ 
mizes  the  energy  in  the  case  of  c/a  >  1.  Another 
conspicuous  strain-induced  effect  is  that  the  AF 
transition  in  the  superlattices  is  of  the  second 
order.  As  follows  from  renormalization  group 
theoretical  considerations,  the  underlying  factor 
in  the  first-order  phase  transition  is  the  cubic 
symmetry,  so  that  lowering  of  this  symmetry 
should  result  in  a  shift  to  a  second-order  transi¬ 
tion  [11].  Because  of  the  lack  of  appropriate 
AFM-III  systems  which  could  be  subjected  to 
significant  strains,  that  theory  prediction  could 
not  be  experimentally  verified  before  the  emer¬ 
gence  of  the  epitaxial  Mn-VI  forms. 
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Fig.  3.  Helical  spin  ordering  in  tetragonally  disiorted  MnSe  or 
MnTe  layers  in  MnSe/ZnTe  or  MnTe/CdTe  superlaltices 
(b).  For  ^  =  0  (a),  this  arrangement  is  equivalent  to  collinear 
Type  I  AF  (AFM-I)  order,  and  for  =  W”  (c),  it  is  equivalent 
to  the  canted  (Keffer)  modification  of  the  AFM-III  ordering. 
The  orientation  of  the  spin  planes  (shaded  contours)  with 
respect  to  the  multilayer  plane  corresponds  to  the  "X"  or 
"T"  situations  in  Fig.  2. 

Strained  layers  with  c /a  <  I:  MnSe /ZnTe  su¬ 
perlattices.  This  type  of  distortion  appears  to 
have  the  most  dramatic  influence  on  the  spin 
order  in  the  magnetic  layers.  Diffraction  experi¬ 
ments  [2]  show  that  in  such  superlattices  the 
AFM-III  structure  occurring  in  unstrained  sys¬ 
tems  as  well  as  in  those  with  c/a  >  1  becomes 
replaced  by  an  entirely  new  incommensurate  heli¬ 
cal  AF  ordering  never  before  seen  in  any  FCC 
antiferromagnet  (Fig.  3).  The  helical  period  A 
observed  in  different  samples  varied  from  2.9a  to 
3.45a  (where  a  is  the  in-plane  lattice  parameter). 
The  formation  of  such  a  helix  in  a  frustrated  FCC 
lattice  can  be  explained  by  applying  a  mean-field 
approach  [3]  which  leads  to  the  following  equa¬ 
tion  for  the  angle  <p  describing  the  spin  rotation 
in  consecutive  AF  planes; 

(P  =  arccos(  dyNN/^'/NNN)’  (0 

with  the  helix  pitch  being  related  to  <p  as: 
A==ira/<p,  (2) 


where  ./nnn  is  the  next-nearest  neighbor  ex¬ 
change  parameter,  and  the  strain-in¬ 

duced  anisotropy  in  the  NN  exchange.  Assuming 
that  /nn  depends  primarily  on  the  ion-ion  dis¬ 
tance,  and  that  only  the  linear  term  in  this  depen¬ 
dence  is  essential  for  small  lattice  distortions,  one 
obtains  that  is  approximately  proportional 

to  a  “distortion  parameter”  defined  as  y  =  I  - 
c/a.  It  should  be  noted  that  the  value  of  c/a  for 
the  MnSe  lattice  in  this  specific  SL  system  is  not 
fixed,  but  can  be  varied  within  certain  limits  by 
changing  the  MnSe :  ZnTe  thickness  ratio.  As  fol¬ 
lows  from  the  above  -  and  which  has  been  in¬ 
deed  confirmed  by  our  experiments  -  one  can 
actually  control  the  helix  pitch  in  the  layers. 

3.  Sample  preparation  and  neutron  diffraction 
measurements 

The  CdTe/MnTe  superlattices  were  grown  by 
a  combination  of  atomic  layer  epitaxy  (ALE)  for 
the  CdTe  and  mass  spectrometer  controlled  MBE 
for  the  MnTe.  The  ALE  method  is  based  on  the 
fact  that  the  Cd-Te  bond  is  much  stronger  than 
the  Cd-Cd  or  the  Te-Te  bond.  If  Cd  and  Te  are 
deposited  alternately,  only  the  atoms,  which  can 
form  Cd-Te  bonds,  will  stick,  whereas  the  sur¬ 
plus  atoms  are  re-evaporated.  In  the  ideal  case 
this  leads  to  the  formation  of  exactly  one  CdTe 
monolayer  within  one  so-called  reaction  cycle, 
independent  of  the  amount  of  deposited  material. 
In  fact  such  monolayer  growth  has  been  achieved 
for  CdTe  [5],  but  it  turns  out  that  for  superlat¬ 
tices  it  is  more  efficient  to  work  at  higher  sub¬ 
strate  temperature  where  only  0.5  monolayers  per 
reaction  cycle  are  formed  [6].  The  actual  growth 
conditions  were  a  substrate  temperature  of  3lO°C 
and  a  reaction  cycle  time  of  4  s.  Since  the  Mn-Mn 
bond  is  stable  at  this  temperature,  ALE  cannot 
be  applied  to  the  growth  of  MnTe.  In  order  to 
achieve  comparable  accuracy,  we  used  a 
quadrupole  mass  spectrometer  (QMS)  situated 
near  the  substrate  to  monitor  the  Mn  flux  in  situ. 
The  QMS  signal  was  fed  into  a  computer,  and  the 
averaged  and  background-corrected  values  served 
as  a  feedback  for  the  Mn  shutter  opening  time. 
The  combination  of  these  two  growth  techniques 
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allowed  a  precise  tayloring  of  superlattices  with 
very  short  period  [7-9], 

Neutron  studies  were  performed  at  the  20  MW 
Research  Reactor  at  the  National  Institute  of 
Standards  and  Technology  on  a  triple  axis  spec¬ 
trometer  with  a  (002)  pyrolythic  graphite  (PG) 
monochromator  and  analyzer  fixed  for  elastic 
scattering,  and  a  PG  filter  in  the  incident  beam. 
An  incident  energy  of  13.7  or  14.8  meV  with  40 
arc  min  collimation  throughout  was  used  for  most 
of  the  experiments.  The  samples  were  placed  in  a 
variable-temperature  He  cryostat,  and  were  ori¬ 
ented  with  either  the  [001]  direction  (the  growth 
axis),  or  the  [100]  in-plane  axis  perpendicular  to 
the  scattering  plane.  Those  two  sample  orienta¬ 
tions  enabled  the  observation  of  different  families 
of  magnetic  reflections.  The  experiments  have 
been  performed  for  four  samples  with  the  follow¬ 
ing  CdTe ;  MnTe  thickness  proportions  (in  mono- 
layers):  2 : 7,  2 : 10,  4 : 9,  and  6 : 10.  The  number  of 
bilayers  in  each  sample  was  100. 

Search  for  magnetic  reflections  at  low  temper¬ 
ature  has  revealed  peaks  corresponding  to  an 
incommensurate  helical  AF  phase  of  the  same 
kind  as  previously  observed  in  MnSe/ZnTe  su¬ 
perlattices.  Hovever,  the  helical  modulation  pe¬ 
riod  appeared  to  be  much  shorter  than  in  those 
specimens,  which  is  consistent  with  the  weaker 
strain  in  the  magnetic  layers.  In  particular,  for 
the  three  latter  specimens  the  observed  values  of 
A  are  2.05a,  2.07a,  and  2.15a,  respectively.  The 
increase  of  A  reflects  the  gradual  increase  of  the 
lattice  strain  in  the  Mn  layers  due  to  the  growing 
CdTe  thickness  (it  should  be  kept  in  mind  that 
the  zero-strain  A  value  is  2a,  since  the  normally 
occurring  AFM-llI  structure  can  be  looked  at  as 
a  special  case  of  a  spin  helix  with  the  pitch 
exactly  equal  to  two  lattice  periods). 

Surprisingly,  in  one  of  the  investigated  samples 
(with  2  CdTe  monolayers)  the  measurements  have 
revealed  -  in  addition  to  peaks  corresponding  to 
the  helical  phase  -  also  the  presence  of  maxima 
characteristic  for  the  AFM-III  domain  arrange¬ 
ments  occurring  in  strained  layers  in  the  case  of 
c/a  >  1  (i.e.,  that  seen  in  MnSe/ZnSc  and 
MnTe/ZnTe  superlattices  [3,4]).  The  peak  inten¬ 
sity  indicated  approximately  equal  populations  of 
the  two  phases.  A  simultaneous  occurrence  of  the 


two  phases  cannot  be  understood  on  the  grounds 
of  the  simple  mean  field  model  used  for  the 
interpretation  of  the  data  from  Mn-VI/Zn-VI 
systems  [2-4].  However,  as  pointed  out  below, 
such  a  behavior  can  be  explained  by  applying  a 
more  sophisticated  theoretical  approach  [12]. 

Another  striking  difference  between  the  re¬ 
sults  of  observations  for  the  Mn-VI/Zn-VI  sys¬ 
tems  and  for  MnTe/CdTe  multilayers  with  ultra- 
thin  non-magnetic  layers  was  the  width  of  the 
magnetic  peaks  in  0-space  diffraction  scans  par¬ 
allel  to  the  growth  directon.  For  all  former  speci¬ 
mens  those  peaks  were  strongly  broadened  -  the 
widths,  AQ,  clearly  corresponding  to  the  thick¬ 
ness  of  a  single  magnetic  layer  for  a  given  sample, 
Df^,  transformed  from  real  space  to  0-space 
lAQ  =  2ir/Df^).  This  behavior  clearly  indicates 
the  absence  of  any  correlation  between  spin  or¬ 
dering  in  individual  magnetic  layers,  and  is  con¬ 
sistent  with  the  large  thickness  of  the  non-mag¬ 
netic  spacers  which  effectively  isolate  the  mag¬ 
netic  layers  from  one  another.  In  contrast,  the 
magnetic  peaks  seen  in  MnTe/CdTe  superlat¬ 
tices  with  2  CdTe  monolayers  are  only  slightly 
broader  than  the  instrumental  resolution  width 
(Fig.  4).  Such  a  width  indicates  a  coherence  be¬ 
tween  the  spin  orientation  in  individual  layers, 
with  the  range  of  these  correlations  correspond¬ 
ing  to  at  least  10  bilayer  thicknesses  (computer 
simulation  of  a  diffraction  pattern  from  a 
(MnTely-fCdTe),  multilayer  with  such  a  range  of 
interlayer  magnetic  correlations  is  shown  in  Fig. 
5). 


4.  Summary  and  discussion 

In  conclusion,  neutron  diffraction  experiments 
on  MnTe/CdTe  superlattices  with  ALE-grown 
ultrathin  non-magnetic  barriers  reveal  at  least 
two  qualitatively  new  effects  not  previously  seen 
in  any  Mn-VI/II-Vl  multilayered  systems.  The 
first  of  these  is  magnetic  interlayer  coupling 
through  the  non-magnetic  barriers.  This  effect  is 
clearly  evidenced  by  the  observed  narrowing  of 
the  magnetic  reflections.  A  totally  convincing 
proof  for  that  would  be,  of  course,  the  observa¬ 
tion  of  superlattice  satellite  peaks  of  those  reflec- 


882 


T.M.  Giebultowicz  el  al./ Journal  of  Crystal  Growth  138  11994)  877-883 


tions.  However,  it  should  be  noted  that  the  obser¬ 
vation  of  satellite  maxima  for  samples  in  which 
the  thickness  of  the  magnetic  layers  is  much 
larger  than  the  CdTe  spacer  thickness  is  not  a 
trivial  task.  In  such  a  situation,  as  is  illustrated  in 
Fig.  5,  the  intensity  of  the  satellites  is  very  strongly 
supressed  by  the  bilayer  structure  factor  (for  defi¬ 
nition,  see,  e.g.,  ref.  [3])  which  has  I  ^BL  I  ~  0 
minima  not  far  from  the  positions  where  the 
first-order  satellites  occur.  Hence,  their  intensity 
becomes  very  small.  The  detection  of  the  satel¬ 
lites  would  require  a  radical  improvement  of  the 
signal/ background  ratio  in  our  measurements  - 


((MnTe)^CdTe)j],oo  SL 


Fig.  4.  Diffraction  scans  through  a  magnetic  reflection  from  a 
«MnTe)7/(CdTe)2]in()  superlattice  sample  in  two  perpendicu¬ 
lar  directions  in  Q-space:  parallel  to  the  [001 1  growth  axis  (a), 
and  parallel  to  the  (010)  in-plane  axis  (b).  In  both  cases  the 
peaks  show  essentially  no  broadening  effects;  the  absence  of 
broadening  in  the  [001]  direction  indicates  the  existence  of 
pronounced  interlayer  magnetic  correlations  in  the  system. 


Fig.  S.  Computer  simulation  of  a  magnetic  diffraction  pattern 
from  a  (MnTe)7/(CdTe)2  superlattice  with  10  correlated 
magnetic  layers  (thick  curve).  The  thin  curve  is  the  square  of 
the  structure  factor  for  a  single  bilayer  “unit  cell".  I  ^Bl,  I 
which  is  the  “envelope  function"  describing  the  intensity  of 
the  satellite  peak  group  (see,  e.g..  ref.  [3]). 


either  through  the  preparation  of  much  larger 
samples  than  currently  used  ( ~  0.3-1  cm^),  or  by 
using  a  cryostat  with  special  windows  -  and  such 
experiments  are  planned.  Detailed  studies  of  in¬ 
terlayer  coupling  effects  -  especially,  systematic 
investigation  of  their  dependence  of  the  CdTe 
layer  thickness  -  may  give  us  new  insight  into  the 
nature  of  weak  long-range  magnetic  exchange 
interactions  in  diluted  magnetic  semiconductors 
based  on  II-Vl  compound.  So  far,  relatively  little 
is  known  about  interactions  ranging  beyond  the 
second-nearest  magnetic  neighbor  in  these  com¬ 
pounds. 

Second,  the  experiments  reveal  that  in  certain 
circumstances  the  normal  AFM-IIl  phase  may 
coexist  with  the  helical  phase,  even  though  the 
MnTe  layers  exhibit  a  distortion  with  c/a  <  1.  As 
noted,  this  fact  can  not  be  understood  on  the 
grounds  of  a  simple  mean  field  approach,  from 
which  it  follows  that  the  boundary  between  the 
two  phases  is  located  exactly  at  c/a  =  1.  How¬ 
ever,  the  problem  has  been  recently  treated  theo¬ 
retically  by  Cohen  and  Newman  [12]  using  a  more 
sophisticated  Landau-Ginzburg  formalism.  As 
shown  by  their  study,  the  phase  boundary  in 
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question  may  actually  be  slightly  shifted  toward 
c/a  <l  values.  Simultaneous  occurrence  of  the 
two  phases  might  therefore  be  explained  by  as¬ 
suming  that  the  magnitude  of  the  strain  in  the 
sample  is  close  to  the  critical  value,  and  strain 
fluctuations,  which  are  invariably  present  in  epi¬ 
taxial  systems,  may  locally  “flip”  the  magnetic 
state  from  one  phase  to  another. 

A  general  conclusion  one  can  draw  from  Co¬ 
hen  and  Newman’s  work  is  that  experimental 
data  from  the  region  of  weak  strains  are  of  con¬ 
siderable  importance  for  theoretical  understand¬ 
ing  of  distorted  frustrated  lattices.  The  fact  that 
MnTe/CdTe  superlattices  make  it  possible  to 
examine  this  region  is  certainly  a  great  advantage 
of  this  system.  However,  testing  of  theoretical 
models  would  require  more  thorough  studies  of 
the  parameters  of  the  helical  spin  structure  ver¬ 
sus  strain.  The  amount  of  data  collected  so  far  in 
our  experiments  is  not  yet  sufficient  for  this  pur¬ 
pose.  The  results  from  samples  with  different 
CdTe  thicknesses  clearly  indicate  that  the  helix 
pitch  increases  with  increasing  strain  in  the  MnTe 
layers,  but  such  a  behavior  is  in  qualitative  agree¬ 
ment  with  both  of  the  aforementioned  models. 
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Abstract 

Magneto-excitation  spectroscop)  experiments  are  performed  up  to  5.5  T  at  low  temperature  (4.2  K)  in  a 
ZnSe/Zno  73Mno  27Se  doubi''  quantum  well  structure.  The  experimental  results  are  compared  to  calculations  of  the 
excitonic  transitions,  taking  into  account  the  strain  effects,  the  giant  Zeeman  effect  in  the  (Zn,Mn)Se  layers,  the 
diamagnetic  shift  of  the  exciton.  We  show  that  a  magnetic-field  induced  transition  in  the  nature  of  the  fundamental 
excitonic  state  (from  light  to  heavy  hole  exciton)  occurs  for  a  certain  critical  magnetic  field. 


Among  the  various  II-VI  compounds,  the 
ZnSe  based  materials  require  a  particular  atten¬ 
tion  because  of  their  blue  emission.  As  a  matter 
of  fact,  the  first  blue  laser  emission  has  been 
obtained  with  ZnSe  based  compounds  [1].  The 
ZnSe/(Zn,Mn)Se  semimagnetic  heterostructures 
aie  of  particular  interest  because  of  their  great 
magneto-optical  properties,  due  to  the  exchange 
interaction  between  the  spin  of  the  carriers  and 
the  spin  of  the  paramagnetic  Mn^^  ions  located 
in  (Zn,Mn)Se  layers  [2].  The  so-called  giant  Zee- 
man  effect  can  lead  to  the  formation  of  a  spin 
superlattice  structure  in  which  the  carriers  can  be 
separated  and  spatially  localized  according  to 
their  spin  [3,4].  We  show  here  that  it  is  possible 
to  tune  the  nature  of  the  fundamental  optical 
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transition  from  a  light  hole  exciton  to  a  heavy 
hole  exciton  by  changing  the  magnetic  field.  Pho¬ 
toluminescence  and  excitation  spectroscopy  un¬ 
der  a  magnetic  field  have  been  performed  on  two 
different  ZnSe/Zn„73MnQ27Se  quantum  wells, 
and  the  comparison  between  the  experimental 
results  and  the  calculation  of  the  excitonic  transi¬ 
tions  has  allowed  us  to  underline  this  effect. 

The  heterostructure  has  been  grown  by  molec¬ 
ular  beam  epitaxy  along  the  (100)  axis  and  con¬ 
sists  in  two  ZnSe  quantum  wells  whose  thick¬ 
nesses  are^  53  and  106  A,  respectively,  separated 
by  a  350  A  thick  Zno73Mn(,27Se  layer.  The  dou¬ 
ble  quantum  well  is  grown  on  a  1200  A  Zn^jj 
Mn3,  27Se  layer  deposited  on  a  9700  A  thick  ZnSe 
buffer  layer.  The  cap  layer  consists  in  a  350  A 
ZnQ73Mno.27Se  layer.  The  substrate  is  GaAs. 

The  photoluminescence  spectrum  of  the  het¬ 
erostructure,  shown  in  Fig.  1,  has  been  performed 
at  zero  magnetic  field,  at  low  temperature  (4.2  K) 
with  the  363  nm  line  of  an  Ar*  laser.  Two  lines 
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Fig.  1.  Photoluminescence  (full  line)  and  excitation  spec¬ 
troscopy  SE^  and  SEj  of  the  two  quantum  wells  at  zero 
magnet-'-  field  and  at  low  temperature  (4.2  K).  SE,^  (dash- 
dotted  line)  is  the  excitation  spectroscopy  of  the  lOh  A  wide 
well  performed  at  £j,,  =  2.764  eV  and  SE-|-  (dashed  line)  is 
the  excitation  spectroscopy  of  the  53  A  thin  well  performed  at 
=  2.792  eV. 


are  observed:  the  2.773  eV  one,  called  PL^, 
corresponds  to  the  luminescence  of  the  wide  (106 
A  thick)  well,  the  2.808  eV  one,  called  PLj, 
corresponds  to  the  luminescence  of  the  thin  (53 
A  thick)  well.  The  excitation  spectroscopy  of  the 
two  photoluminescence  lines  is  shown  in  Fig.  1: 
SEyv  performed  at  the  detection  energy  = 
2.764  eV  and  performed  at  =  2.792  ey. 
As  excitation  source  between  4500  and  4200  A, 
we  have  used  the  second  harmonics  of  a  picosec¬ 
ond  CAV  mode-locked  Ti-Sa  laser.  The  photolu¬ 
minescence  signal  was  analyzed  by  a  double 
Jobin-Yvon  /=25  cm  monochromator,  and  de¬ 
tected  by  standart  photon  counting  techniques. 
First,  we  can  remark  that  the  small  Stokes  shifts 
(6  meV  for  the  thin  well  and  2  meV  for  the  wide 
well)  between  the  photoluminescence  lines  and 
the  first  line  of  their  excitation  spectra  are  not 
high,  indicating  the  good  quality  of  the  sample. 
Secondly,  comparing  the  two  excitation  spectra 
SEw  and  SEy,  we  can  conclude  that  the  two 
wells  are  not  coupled.  Thus  these  wells  will  be 
treated  in  this  paper  like  single  quantum  wells. 

From  the  comparison  between  the  experi¬ 
ments  and  the  calculation  of  the  excitonic  transi¬ 


tions  [5],  we  have  interpreted  the  different  lines 
of  the  excitation  spectra  and  determined  the  band 
structure  of  the  heterostructure  (see  ref.  [6]  for 
more  details).  In  particular,  this  comparison  has 
allowed  an  estimation  of  the  strain  effects,  which 
are  very  strong  in  this  heterostructure.  It  has 
been  found  that  the  1200  A  Zng  yjMng  jySe  layer 
is  partially  relaxed  on  ZnSe  buffer  layer;  the 
(Zn,Mn)Se  barrier  layers  are  compressed.  The 
residual  strain  in  the  barrier:  =  [a  -  a°(x)]/a, 

where  a  is  the  mean  parameter  in  the  strained 
layer,  and  a%x)  is  the  strain-free  lattice  constant 
of  Zn,_^Mn^Se  is  found  ei,ar=  ~5.5  X  10“’.  To 
know  the  strain  state  of  the  ZnSe  layers,  we 
assume  an  elastic  accomodation  of  the  lattice 
parameter  of  the  two  ZnSe  wells  with  the  barrier 
one.  Moreover,  from  the  energy  difference  be¬ 
tween  the  heavy  and  light  hole  excitons,  we  have 
evaluated  the  percentage  of  the  strain-free  band 
gap  difference  which  is  in  the  valence  band,  called 
the  relative  valence  band  offset:  q”  =  10%.  The 
resulting  band  structure  is  represented  in  Fig.  2. 
This  heterostructure  has  a  quite  unusual  configu¬ 
ration:  the  fundamental  optical  transitions  of  the 
two  wells:  and  are  type-I  (electrons 
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Fig.  2.  Calculated  potential  profile  along  the  growth  axis  of 
the  heterostruture  taking  into  account  the  strain  effects  on 
the  structure  band.  The  relative  valence  band  offset  is  taken 
q,  ”  10%,  the  strain  in  (Zn.Mn)Se  layers  is  taken  =  -5.5 
Xl0-\ 
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and  light  holes  are  localized  in  the  sante  layers)  the  Mn’*  ions  and  the  spin  of  the  carriers.  Fol- 

light  hole  excitons;  the  first  excited  transitions,  lowing  the  sign  of  the  exchange  interaction  versus 

X^H  and  Xhh>  are  type-II  (electrons  and  heavy  the  carriers  spin  in  the  conduction  and  valence 

holes  are  localized  in  adjacent  layers)  heavy  hole  band  [2],  the  component  XhhIo-*)  (respectively 

excitons.  The  type-II  excitons  can  be  seen  very  Xj',H(«r“))  at  lower  (respectively  higher)  energy 

clearly  in  the  excitation  spectra:  they  are  in  fact  corresponds  to  the  - 1  /2  (respectively  +  1  /2) 

interface  excitons  [7],  and  have  an  oscillator  z-component  spin  of  the  electrons  ( z  is  the  growth 

strength  which  can  be  comparable  to  the  oscilla-  axis  of  the  heterostructure  and  the  axis  of  the 

tor  strength  of  type-1  excitons.  magnetic  field)  and  the  -3/2  (respectively 

Magneto-excitation  spectroscopy  experiments  -(-  3 /2)  z-component  spin  of  the  heavy  holes.  The 

have  been  performed  at  liquid  helium  tempera-  splitting  of  the  Xlh  line  can  not  be  observed 

ture  (4.2  K)  with  the  same  laser  system  and  with  a  here.  It  is  much  smaller  than  the  splitting  of  X7,k 

superconducting  magnet  up  to  5.5  T,  in  the  Fara-  for  two  reasons:  first  the  exchange  interaction  is 

day  configuration.  The  laser  ingoing  and  the  pho-  three  times  smaller  for  the  light  holes  than  for 

toluminescence  outgoing  lights  were  collected  by  the  heavy  holes;  secondly,  the  heavy  holes  are 

a  multi-fiber-optic  guide.  Fig.  3  shows  the  behav-  localized  in  the  semimagnetic  layers  and  are  more 

ior  of  the  excitation  spectra  of  the  thin  well  (Fig.  sensitive  to  the  exchange  interaction  than  the 

3a)  and  wide  well  (Fig.  3b)  photoluminescence  light  holes  which  are  localized  in  non-semimag- 

lines  for  several  values  of  the  magnetic  field.  netic  layers.  At  2  and  3.5  T,  the  X7,n(<r~)  line  is 

For  the  thin  well,  when  the  magnetic  field  clearly  seen,  but  because  of  the  width  of  the  lines, 

increases  up  to  1  T,  the  XJ^h  line  energy  does  not  the  Xj^  and  Xhh(<’'  )  lines  can  not  be  distin- 

change,  the  X^^  line  splits  into  two  components  guished  and  appear  in  a  broad  line.  Above  4.5  T. 

XHH(<t^*)  and  splitting  is  due  to  these  two  lines  can  be  resolved.  In  Fig.  4,  we  have 

the  giant  Zeeman  effect  existing  in  the  semimag-  reported  the  energy  position  of  the  lines  with 

netic  material  (Zn,Mn)Se,  originating  from  the  their  full  width  at  half-maximum  versus  the  mag- 
strong  exchange  interaction  between  the  spin  of  netic  field. 


ENfP&Y(«"V)  ENERGY  (eV) 

Fig.  3.  Evolution  of  the  excitation  .spectra  of  the  5.1  A  thin  well,  (a)  Ej,.,  “  2.795  eV.  and  of  the  106  A  wide  well,  (b)  Ej,,,  =  -  2.764 
eV,  for  different  magnetic  fields,  at  low  temperature  (4.2  K). 
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Fig.  4.  Energy  position  of  the  different  lines  observed  in  the 
excitation  spectrum  of  the  53  A  thin  well  and  their  full  width 
at  half-maximum  (vertical  segments)  versus  the  magnetic  field. 
The  lines  show  the  calculated  excitonic  heavy  hole  (solid  line) 
and  light  hole  (dashed  line)  transitions. 

Fig.  3b  shows  the  behavior  of  the  excitation 
spectrum  of  the  wide  well  versus  the  magnetic 
field.  The  splitting  of  the  Xj^n  line  can  be  ob¬ 
served,  and  it  is  clearly  seen  that  the  X^n  line 
does  not  change  at  all,  at  least  up  to  5.5  T. 

In  Fig.  4,  the  calculated  energies  of  the  exci¬ 
tonic  transitions  of  the  thin  well  versus  the  mag¬ 
netic  field  are  reported.  The  calculation  which 
takes  into  account  the  strain  effects,  the  coulom- 
bic  effects,  the  exchange  interaction  and  the  dia¬ 
magnetic  shift  of  the  excitons,  is  performed  in  the 
parabolic  approximation,  and  is  valid  for  a  type-1 
and  a  type-II  structure  [5].  The  relative  valence 
band  offset  is  taken  as  10%.  According  to  this 
calculation,  the  excitation  spectrum  above  4.5  T 
can  be  easily  interpreted:  the  fundamental  optical 
transition  is  the  Xj^in(cr*)  heavy  hole  exciton  and 
the  first  excited  transition  is  the  X^,,  light  hole 
exciton.  Fig.  4  shows  clearly  the  crossing  between 
the  X[„  and  X/,„(a-^)  transitions,  and  so  the 
existence  of  a  critical  magnetic  field  B„  for  which 
a  transition  in  the  nature  of  the  fundamental 
state  occurs:  for  B  <  B„,  the  fundamental  optical 
transition  is  a  type-I  light  hole  exciton,  for  B  >  B„, 
the  fundamental  optical  transition  is  a  type-I  1 
heavy  hole  exciton.  The  precise  value  of  B„  de¬ 
pends  on  the  value  of  the  relative  valence  band 
offset,  so  a  measurement  of  B„  could  provide 
information  on  <7".  In  spite  of  the  limited  resolu¬ 


tion  due  to  the  width  of  the  lines,  we  can  note  a 
good  agreement  between  the  experiment  and  the 
calculation  for  17 "  =  10%. 

The  excitation  spectra  of  the  wide  well  versus 
the  magnetic  field  do  not  show  the  same  behavior 
as  the  excitation  spectra  of  the  thin  well.  In  fact, 
such  a  transition  is  expected  at  a  higher  critical 
magnetic  field  for  the  wide  well  (about  8  T).  The 
critical  magnetic  field  depends  on  the  thickness 
of  the  well.  This  property  can  be  understood  by 
analyzing  the  valence  band  schematized  in  Fig.  2. 
When  the  well  thickness  increases,  the  energy 
difference  between  the  light  and  heavy  hole  tran¬ 
sitions  at  zero  magnetic  field  increases.  This 
property  is  due  to  the  decrease  of  the  confine¬ 
ment  energy  of  the  light  hole,  and  to  the  fact  that 
the  interface  exciton  binding  energy  of  the  type-ll 
heavy  hole  exciton  is  smaller  for  a  wide  well  than 
for  a  thin  well  (the  recovering  between  the  elec¬ 
tronic  and  heavy  hole  wavefunctions  being  smaller 
for  a  wide  well  than  for  a  thin  well).  The  energy 
difference  between  the  light  and  heavy  excitons 
at  zero  magnetic  field  increasing,  the  value  of  the 
critical  magnetic  field,  for  which  the  crossing 
between  Xlh  and  XhhIct'^)  occurs,  increases. 

In  summary,  magneto-excitation  spectroscopy 
experiments  up  to  5.5  T,  performed  on  a  53  A 
thin  quantum  well  and  compared  to  calculations 
of  the  excitonic  transitions,  have  allowed  us  to 
demonstrate  the  existence  of  a  magnetic  field 
induced  transition  in  the  nature  of  the  excitonic 
fundamental  transitions  for  a  certain  critical  mag¬ 
netic  field.  Below  this  field,  the  fundamental  exci¬ 
tonic  state  is  a  light  hole  exciton,  above  this  field, 
it  is  a  heavy  hole  exciton.  The  value  of  this  critical 
magnetic  field  depends  on  the  thickness  of  the 
well  and  on  the  relative  valence  band  offset  q^. 
Our  results  seem  to  be  coherent  with  the  value 
q'^  =  10%.  To  confirm  our  results,  we  plan  to 
perform  magneto-excitation  spectroscopy  of  the 
106  A  wide  well  at  higher  magnetic  field  in  order 
to  observe  this  transition. 
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Abstract 

The  energy  transfer  between  the  wells  of  asymmetric  CdTe/Cd|_^Mn,Te  double  quantum  well  structures  was 
investigated  by  both  CW  and  time-resolved  optical  measurements.  The  barrier  heights  were  tuned  by  an  external 
magnetic  field.  Furthermore,  in  samples  with  a  wide  semimagnetic  well  magnetic  Helds  caused  resonances  and  level 
crossings  of  the  electron  and  hole  energies.  This  was  observed  in  the  magnetic  field  dependence  of  the  CW 
luminescence  and  luminescence  excitation  intensities  of  the  respective  transitions.  The  luminescence  decay  was 
measured  using  selective  ps  excitation.  In  the  case  of  a  field  induced  resonance  we  got  a  strong  decrease  of  the  decay 
time  constant  as  a  function  of  the  magnetic  field.  A  kinetic  model  for  the  exciton  transfer  is  given  taking  into  account 
the  independent  tunnelling  of  electrons  and  holes  and  the  exciton  lifetimes  in  both  wells.  A  .set  of  rate  equations 
describe  the  time  dependent  carrier  densities  in  the  quantum  wells.  The  solutions  are  given  for  CW  and  ps 
excitation. 


1.  Introduction 

The  magnetic  properties  of  CdTe/ 
Cd,__,Mn_,Te  asymmetric  double  quantum  wel! 
(DOW)  structures  allow  one  to  study  the  exciton 
transfer  as  a  function  of  the  barrier  height  tuned 
by  a  external  magnetic  field.  The  field-induced 
changes  of  the  coupling  strength  influences  the 
energy  transfer  between  the  two  wells.  In  the  case 
that  the  wide  well  consists  of  Cd,_^Mn,Te  too, 
even  the  band  edge  energy  of  this  semimagnetic 
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well  can  be  tuned  by  the  magnetic  field.  This  can 
lead  to  resonances  between  energy  levels  in  wide 
and  narrow  wells.  If  such  a  resonance  occurs,  a 
drastic  increase  of  the  exciton  transfer  probability 
can  be  expected.  To  study  these  resonances,  ei¬ 
ther  CW  and  time-resolved  spectroscopy  can  be 
used. 

In  this  paper  we  studied  asymmetric 
CdTe/Cd,_j,Mn^Te  DQW  structures  with  xs 
0.25  grown  by  MBE  on  (100)  InSb  substrates  at  a 
temperature  of  ZAO'C  and  a  growth  rate  of  0.7 
fim/h. 

Our  set  of  samples  consist  of  structures  with 
non-magnetic  wells  and  barrier  widths  ranging 
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from  25  to  200  A.  The  well  widths  are  40  and  80 
A  for  the  wide  and  narrow  wells,  respectively.  In 
samples  with  a  semimagnetic  wide  well,  the 
amount  of  Mn  in  that  well  was  about  4%. 

The  CW  luminescence  and  luminescence  exci¬ 
tation  measurements  were  carried  out  using  an 
Ar^  laser  pumped  dye-laser  system.  The  samples 
were  cooled  in  an  Oxford  magnet  cryostat  which 
allowed  one  to  apply  fields  up  to  10  T. 

For  the  time-resolved  spectroscopy,  the  sample 
was  excited  with  a  ps  dye  laser  synchronously 
pumped  by  a  mode-locked  Ar^  laser.  The  dye 
laser  pulse  has  a  halfwidth  of  6  ps  at  a  repetition 
rate  of  800  kHz.  The  luminescence  signal  was 
detected  by  a  microchannelpiate  photomultiplier, 
which  fed  its  signal  to  the  analysing  electronic 
system  on  the  base  of  time-correlated  single-pho¬ 
ton  counting.  With  this  setup  we  were  able  to  get 
a  time  resolution  of  about  40  ps. 


2.  CW  measurements 

2.1.  Energies 

The  samples  were  chosen  for  the  CW  mea¬ 
surements  to  cover  a  wide  range  from  non-cou- 
pled  to  strongly  coupled  wells.  For  a  barrier  width 
of  100  A,  we  found  strongly  coupled  and  nearly 
decoupled  wells  when  the  Mn  concentration  in 
the  barriers  was  8.5%  and  29.5%,  respectively.  To 
characterize  the  optical  transitions  in  our  DQW 
samples,  we  show  in  Fig.  1  the  photolumines¬ 
cence  (PL)  and  photoluminescence  excitation 
(PLE)  spectra  (7'=  1.8  K)  of  the  latter  sample. 
The  PLE  spectra  were  recorded  monitoring  the 
emission  from  the  bound  excitons  in  either  well. 
The  excitonic  emission  is  mainly  due  to  donor 
bound  excitons  (D‘’X),  as  can  be  concluded  from 
their  energetic  position,  compared  with  the  free 
excitons  observed  in  reflectivity  and  PLE,  and 
from  their  behaviour  in  an  external  magnetic 
field.  In  the  PLE  spectrum  of  the  narrow  well 
(NW)  emission  we  find  distinct  resonances  which 
belong  to  the  free  heavy  hole  (hh)  and  light  hole 
(Ih)  excitons  localized  in  the  narrow  well,  in  con¬ 
trary,  in  the  wide  well  (WW)  PLE  spectrum  there 
are  five  resonances  observable  which  are  at- 
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Fig.  1.  PL  speclnim  ( - )  and  PLE  spectra  ( - )  of  a 

DQW  structure  with  Lb  =  I0O  A  and  jrM„  =  29.5%  (7"  = 
1.8  K). 

tributed  to  the  free  hh  and  Ih  transitions  in  both 
wells.  In  more  detail,  the  two  lowest  energy  tran¬ 
sitions  are  the  n  =  1  hh  and  Ih  excitons  localized 
in  the  ww,  whereas  the  highest  energy  peak  be¬ 
longs  to  the  n  =  2  hh  exciton  of  the  same  well. 
With  less  intensity  we  can  observe  the  n  =  1  hh 
and  Ih  excitons  of  the  NW.  The  difference  in  the 
PLE  peak  heights  indicates  that  the  two  wells  are 
nearly  decoupled.  In  fact,  for  somewhat  thicker 
barriers  (150  A)  but  even  lower  Mn  concentra¬ 
tions  (18.5%),  the  two  wells  were  already  proved 
to  be  completely  decoupled  (see  ref.  [l]).The  en¬ 
ergetic  positions  of  the  free  exciton  transitions 
can  be  calculated  using  a  two-well  model  in  enve¬ 
lope-function  approximation  [1],  taking  into  ac¬ 
count  the  strain-induced  valence  band  splitting. 
The  excitonic  binding  energies  are  estimated  us¬ 
ing  a  fractional  dimension  model  (see  ref.  [2]). 
Tlie  valence  band  offset  in  our  calculations  was 
supposed  to  be  20%  of  the  total  offset  in  accor¬ 
dance  with  ref.  [3].  In  an  external  magnetic  field 
up  to  10  T,  the  Mn  ions  in  the  barriers  cause  a 
wide  tuning  of  the  band  gap  energy  due  to  the 
so-called  “giant  Zeeman  effect”  [4].  In  our  case 
the  band  gap  energy  of  the  CdMnTe  barriers  can 
vary  by  about  ±50  meV  between  the  a*  and  a" 
components.  According  to  this  effect,  we  observe 
a  splitting  of  the  WW  and  NW  exciton  states 
which  can  be  well  reproduced  in  our  calculations 
using  the  measured  barrier  energy  splitting  (see 
Fig.  2).  As  our  measurements  were  done  in  Fara- 
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Fig.  2.  Measured  PLE  peak  energies  (excitons  localized  in 
WW:  (o)  a*  and  (•)  o-";  excitons  localized  in  NW;  (□)  a* 

and  ( ■ )  <r  ' and  calculated  exciton  energies  ( - )  of  the 

sample  from  Fig.  1  as  a  function  of  the  magnetic  field. 


day  configuration,  no  band  mixing  has  to  be  taken 
into  account. 


2.2.  Transfer 


The  exciton  transfer  through  the  potential  bar¬ 
rier  can  be  described  as  tunneling  of  electrons 
and  holes,  although  in  more  sophisticated  compu¬ 
tations  it  can  be  considered  as  intersubband  re¬ 
laxation  between  states  localized  in  nei  'hbouring 
wells  [5],  However,  in  our  case  the  banter  width 
and  height  dependence  of  the  transfer  can  be 
satisfactory  explained  using  the  formula 


1  -/TE/m 
T  ~  IL 

W 


(1) 


where 


\()E(V-E)  I 
P - - =xp(-— « 

is  the  tunneling  probability  and  a  =  L^ylV -  E 
the  coupling  parameter  (T  is  the  transfer  time  of 
the  considered  carriers,  E  and  V  are  the  subband 
energy  and  potential,  respectively,  m  denotes  the 
effective  mass,  L.^  is  the  well  width  and  the 


width  of  the  barrier).  To  connect  the  estimated 
transfer  times  with  the  measured  intensities  in 
CW  excitation  experiments,  we  solved  a  system  of 
four  coupled  differential  equations  for  the  densi¬ 
ties  of  spatial  direct  and  indirect  excitons  in  both 
wells  [6].  The  spatially  indirect  excitons  had  to  be 
included  as  intermediate  states  to  take  into  ac¬ 
count  the  different  tunneling  times  of  electrons 
and  holes.  The  solution  for  stationary  excitation 
above  the  bandgap  is  given  approximately  by: 


^NW 

^ww 


1-1-2 


7— 1  ,  7—  1 
'e  ^  '  h 


(2) 


where  /^w  snd  fww  the  PL  intensities  from 
NW  and  WW,  respectively,  and  denote  the 
electron  and  hole  transfer  times,  respectively,  and 
Tnw  is  the  exciton  recombination  time  in  NW). 
Formula  (2)  shows  that  the  ratio  of  the  PL  inten¬ 
sities  of  both  wells  depends  mainly  on  the  ratio  of 
the  NW  exciton  recombination  time  and  the 
shortest  of  either  electron  or  hole  transfer  time. 
As  in  general  the  electron  transfer  times  are 
faster  by  about  two  orders  of  magnitude  than  the 
heavy  hole  transfer  times,  we  expect  to  observe 
PL  emission  from  the  NW  only  if  the  barrier  is 
thick  enough  to  find  the  electron  transfer  time 
being  comparable  with  the  excitonic  recombina¬ 
tion  time.  This  recombination  time  was  measured 
in  the  ps  excitation  experiments  (see  below).  In 
our  calculations  we  found  good  agreement  with 
the  data  for  a  series  of  samples  (see  ref.  [1]).  It 
was  established  that  over  the  hole  range  of  real¬ 
ized  barrier  parameters,  the  ratio  of  the  PL  in¬ 
tensities  was  dependent  only  on  the  coupling 
parameter  a  which  describes  the  effective  barrier 
width  and  height  for  electrons.  In  contrast,  in  an 
external  magnetic  field,  the  valence  and  conduc¬ 
tion  band  edges  of  the  barriers  decrease  for  the 
tr'^  compionent  leading  to  a  faster  carrier  trans¬ 
fer.  As  in  CdMnTe  about  80%  of  the  total  energy 
shift  is  taking  place  in  the  valence  band  [7],  the 
heavy  hole  transfer  times  can  decrease  by  several 
orders  of  magnitude  depending  on  the  sample 
parameters.  For  an  illustration,  see  Fig.  3.  The 
PL  intensity  ratio  for  three  samples  with  same 
barrier  widths  (100  A)  but  different  Mn  concen¬ 
trations  are  plotted  versus  the  magnetic  field.  For 
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Fig.  3.  PL  intensity  ratio  /nv///ww  fof  three  samples  with 
the  same  barrier  widths  (100  A)  and  Mn  concentrations  of 
29.5%,  15.5%  and  8.5%  versus  the  magnetic  field. 


the  highest  Mn  concentration  (29.5%),  no  change 
in  the  intensity  ratio  could  be  observed,  because 
in  this  case  the  hh  and  electron  transfer  times 
even  for  higher  fields  are  still  much  longer  than 
the  recombination  time.  On  the  other  hand,  for 
the  lowest  Mn  concentration  (8.5%),  the  NW  PL 
intensity  is  decreasing  rapidly.  The  reason  for  this 
is  that  the  relative  shift  of  the  valence  band  edge 
in  a  magnetic  field  is  larger  for  lower  Mn  concen¬ 
trations  because  of  the  decreased  antiferromag¬ 
netic  coupling.  Some  authors  even  discuss  a  type 
I-type  II  transition  for  comparable  Mn  concen¬ 
trations  [8].  Although  we  could  not  find  any  hint 
for  a  type  II  potential  lineup,  we  can  assume  the 
barrier  height  for  the  hh  to  become  very  small. 
Consequently,  the  hh  can  even  become  faster 
than  the  electrons  tunneling  through  the  barrier 
and  will  determine  the  NW  PL  intensity  for  suffi¬ 
ciently  high  magnetic  fields.  The  solid  lines  in 
Fig.  3  represent  the  calculations  done  with  our 
kinetic  model  and  agree  well  with  the  experimen¬ 
tal  results. 

2.3.  Semimagnetic  well 

Another  type  of  DQW  structure  was  designed 
with  a  semimagnetic  wide  well  to  study  the  exci- 


ton  level  resonances  in  magnetic  fields  (see  refs. 
[9,10]).  Fig.  4  shows  the  PL  energies  of  a  sample 
with  14%  Mn  content  in  barriers  and  4%  in  the 
wide  well  and  60  A  barrier  thickness  versus  the 
magnetic  field.  Because  of  the  Mn  content  in  the 
wide  well,  the  WW  emission  band  occurs  at  higher 
energy  than  the  NW  one.  Both  the  WW  and  NW 
spatial  direct  exciton  emission  are  observable  in¬ 
spite  of  the  fact  that  the  inner  barrier  is  only  60 
A  thick.  However,  at  zero  magnetic  field  the  WW 
emission  is  very  weak  and  increases  with  increas¬ 
ing  magnetic  field.  The  exact  dependence  of  the 
PL  intensities  on  the  magnetic  field  in  this  case  is 
not  yet  fully  understood  and  an  explanation  re¬ 
quires  to  extend  the  kinetic  model  introduced 
above.  At  2.7  T  we  observed  very  clearly  a  cross¬ 
ing  of  the  excitonic  energies.  This  indicates  that 
energy  resonance  of  the  hh  or  electron  states 
must  have  occurred  at  a  somewhat  lower  mag¬ 
netic  field.  For  comparison,  we  calculated  the 
free  carrier  energies  in  the  framework  of  our 
two-well  model.  In  this  model  we  found  an  anti¬ 
crossing  of  the  hh  states  at  1.8  T.  If  we  consider 
the  different  binding  energies  in  both  wells,  the 
exciton  energy  resonance  would  occur  at  about 
2.6  T,  which  is  in  good  agreement  with  our  exper- 
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Fig.  4.  PL  peak  energies  ( ■ )  versus  magnetic  field  for  a  DOW 
sample  with  semimagnetic  wide  well  (Mn  content  in  barriers 
14%,  in  the  wide  well  4%)  and  60  A  barrier  thickness  (□: 
bound  exciton  luminescence). 
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iments.  The  anticrossing  nature  of  the  resonance 
cannot  be  established  experimentally  as  the  PL 
linewidth  is  much  larger  than  the  minimum  en¬ 
ergy  spacing  between  the  two  states.  In  spite  of 
the  hh  anticrossing,  we  do  not  expect  any  spatial 
indirect  exciton  emission,  because  the  barrier 
thickness  of  60  A  is  comparable  with  the  normal 
exciton  Bohr  radius  in  CdTe  and  would  probably 
not  allow  any  indirect  recombination.  Further¬ 
more,  the  ground  electron  state  is  spread  over 
both  wells  according  to  our  calculations  and 
therefore  in  both  wells  direct  excitons  could  be 
formed. 


3.  Picosecond  measurements 

The  time-resolved  experiments  were  made  by 
detecting  the  luminescence  decay  of  the  respec¬ 
tive  radiative  transitions.  From  choosing  different 
excitation  energies  applying  to  transitions  in  WW 
and  NW,  we  can  get  luminescence  light  with  and 
without  exciton  transfer  through  the  barrier.  For 
both  cases  the  luminescence  decay  curves  can  be 
fitted  in  good  approximation  by  single  exponen¬ 
tial  functions.  The  exponential  decay  constants 
without  energy  transfer  which  we  attribute  to  the 
exciton  recombination  time  were  found  to  be 
around  120  ps  for  all  samples,  a  typical  value  for 
CdMnTe  quantum  wells  [11], 

The  energy  transfer  which  determines  the  re¬ 
spective  PL  decay  is  influenced  by  the  barrier 
width  and  the  barrier  height.  For  barrier  widths 
of  about  25  A,  we  got  decay  times  in  the  order  of 
the  exciton  recombination  time,  and  for  samples 
with  barrier  widths  of  100  A,  the  decay  time  is 
about  300  ps  due  to  a  slower  tunneling  process. 

The  barrier  height  is  given  by  the  concentra¬ 
tion  of  Mn,  but  depends  also  on  the  magnetic 
field  which  additionally  influences  the  energy  lev¬ 
els  in  a  semimagnetic  well.  This  influence  can 
lead  to  the  resonances  as  described  above. 

Fig.  5  shows  a  comparison  of  the  ejqxrnential 
decay  times  as  a  function  of  the  magnetic  field 
for  a  sample  with  a  nonmagnetic  wide  well  (a,  •) 
and  a  sample  with  a  semimagnetic  wide  well 
(b,  ■)  at  sample  temperatures  of  4.2  K.  The 
magnetic  field  was  applied  in  Faraday  conHgura- 


Fig.  S.  PL  decay  constants  r  as  a  function  of  the  magnetic 
field  B  for  (a)  transfer  NW  hha-*-*WW  hh<7*  between 
nonmagnetic  wells,  Lg  =  100  A  and  (b)  transfer  WW  hho-* 
(semimagnetic) -*  NW  hhtr*  (nonmagnetic).  Lb  =  60  A  (the 
lines  are  guides  to  the  eye). 

tion.  In  curve  (a)  we  pumped  into  the  NW  and 
observed  the  luminescence  of  the  WW.  The  sam¬ 
ple  has  a  barrier  width  of  100  A  and  a  Mn 
concentration  of  29.5%.  The  decay  time  shows 
only  a  slight  decrease  from  160  ps  at  1.0  T  down 
to  120  ps  at  4.0  T  due  to  the  decreasing  barrier 
height  with  increasing  field.  Curve  (b)  represents 
the  luminescence  decay  constants  of  the  NW 
pumped  via  the  semimagnetic  wide  well  of  the 
sample  described  in  part  (c).  For  this  case  a 
strong  decrease  of  the  decay  constant  r  is  observ¬ 
able  between  1.5  and  2.5  T.  t  reaches  its  lowest 
value  of  150  ps  at  2.5  T  and  stays  then  more  or 
less  constant.  This  is  in  good  agreement  with  the 
results  obtained  from  the  CW  measurements  and 
the  theoretical  calculations  which  found  the  reso¬ 
nance  of  the  hh  states  at  1.8  T,  which  means 
clearly  before  the  exciton  resonance  at  about  2.7 
T  occurs.  This  yields  further  evidence  that  the 
hole  tunneling  is  the  limiting  process  for  the 
energy  transfer. 
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Abstract 

An  effective  Hamiltonian  for  the  hybridization-induced  hole-ion  interaction,  reported  previously,  is  used  to 
calculate  the  valence-band  Zeeman  splitting  in  cubic  V-,  Cr-,  Ni-  and  Cu-based  diluted  magnetic  semiconductors 
(DMS).  The  orbital  coupling  terms  predicted  for  these  systems  lead  to  drastic  modifications  of  the  band  splitting 
expected  from  the  usual  spin-exchange  model.  In  V-based  DMS  we  obtain  a  highly  asymmetric  splitting.  But,  in  the 
case  of  Cr  static  Jahn-Teller  distortion  tends  to  quench  the  orbital  effects,  in  agreement  with  experiment  in 
Zn|_^Cr,Se.  For  Ni-based  DMS  a  sign  reversal  of  the  m  =  ±  |  subbands  is  predicted.  The  splitting  vanishes  in 
Cu-based  DMS. 


1.  Introduction 

Semimagnetic  or  diluted  magnetic  semicon¬ 
ductors  (DMS)  are  typically  solid  solutions  of 
II-VI  compounds;  where  A"  =  Cd, 

Zn,  Hg,  B''*  =  Te,  Se,  S  and  M  is  a  transition 
metal.  Mn-based  DMS  have  been  investigated 
most  extensively.  The  Fe-and  Co-based  ones  have 
been  synthesized  and  studied  more  recently.  The 
spectacular  magneto-optical  properties  of  the 
Mn-based  DMS  were  early  interpreted  in  terms 
of  the  Kondo-like  exchange  Hamiltonian  of  the 
form  -Js  ■  S,  for  the  coupling  between  the  band 
electron  spin  s  and  the  Mn^'^  ion  spin  5,  with  the 
Hund  rule  value  5  =  f .  The  same  Hamiltonian  is 
used  for  describing  transport  properties  and 
bound  magnetic  polarons.  A  mean-field  analysis 
of  combined  magneto-reflectivity  and  magnetiza¬ 
tion  measurements  yields  accurate  values  of  the 
exchange  parameter  in  wide-gap  DMS  [1].  Gener¬ 
ally  speaking,  the  exchange  parameter  for  the 
conduction  band  minimum  N^a  is  positive  (ferro¬ 
magnetic)  and  of  order  0.2  eV,  whereas  that  for 


the  valence  band  maximum  is  negative  (anti¬ 
ferromagnetic)  and  of  order  1.0  eV.  We  [2]  have 
accounted  for  these  features  in  the  following 
manner.  The  relatively  small  corresponds  to 
the  ordinary  exchange  integral  of  the  Coulomb 
potential  between  a  conduction  band  electron 
and  the  Mn  d  electrons.  On  the  other  hand, 
is  dominated  by  the  effective  exchange  arising 
from  the  hybridization  between  the  valence  band 
states  and  the  localized  d  orbitals.  The  Schrief- 
fer- Wolff  transformation  [31  was  used  to  quanti¬ 
tatively  relate  N„p  to  the  Anderson  hybridization 
parameter  and  the  energy  of  the  d  level  below  the 
valence  band  maximum.  These  ideas  have  been 
further  developed  by  Larson  et  al.  [4].  The  Schri- 
effer- Wolff  formula  is  valid  for  the  S-state  ion 
Mn^^.  For  other  transition-metal  ions  L  #0  and 
orbital  coupling  terms  were  also  expected  [5]. 
Blinowski  et  al.  [6]  studied  the  cases  of  Cr^^  and 
Fe^-". 

Recently  we  deduced  [7]  an  effective  hole-ion 
coupling  Hamiltonian  for  the  general  case  of  Bd" 
configuration  in  tetrahedral  symmetry,  by  using 
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group-theoretical  methods.  As  the  valence  band 
at  r  belongs  to  the  irreducible  representation  t2 
no  coupling  is  obtained  for  n  =  1  (Sc^^)  or  2 
(Ti^^)  because  the  hybridizing  tj  subshell  of  the 
ion  is  empty.  For  n  =  5  (Mn^^),  6  (Fe^^)  and  7 
(Co^^)  with  half-filled  t2  subshell,  the  coupling 
reduces  to  the  usual  spin-exchange  Kondo  form, 
in  agreement  with  experiments  [8].  However,  the 
Schrieffer-Wolff  formula  is  modified  by  a  nor¬ 
malization  factor  (25)~'  which  mostly  accounts 
for  the  observed  increase  of  I  |  from  Mn  to 
Fe  to  Co  in  a  given  host.  On  the  other  hand,  for 
n  =  3  (V^*),  4  (Cr^^),  8  (Ni^^)  and  9  (Cu^+X  in 
addition  to  the  spin-spin  coupling,  we  obtained 
terms  involving  the  orbital  degrees  of  freedom.  In 
the  present  work  the  complete  effective  Hamilto¬ 
nian  is  used  to  calculate  the  valence  band  Zee- 
man  splitting  in  V-,  Cr-,  Ni-  and  Cu-based  diluted 
magnetic  semiconductors.  A  comparison  of  the 
results  with  those  of  the  simple  spin-exchange 
model  in  each  case  reveals  the  importance  of  the 
orbital  exchange  terms.  We  summarize  the  theo¬ 
retical  model  in  section  2.  The  results  are  pre¬ 
sented  and  discussed  case  by  case  in  section  3. 
We  also  discuss  the  experimental  study  of 
Zn|_^Cr,Se  [9],  the  only  one  reported  so  far  in 
this  family  of  DMS. 


2.  Theoretical  model 

The  transition-metal  ion  (3d")  is  treated  in  the 
intermediate  crystal-field  coupling  scheme.  The 
Hund  rule  ground  term  (L,  S)  is  split  in  the 
tetrahedral  crystal  field  leading  to  the  ground 
multiplet  (i,  S),  where  /  is  an  irreducible  repre¬ 
sentation  of  Tj.  In  the  cases  n  =  3, 4,  8  and  9,  i  is 
triply  degenerate  (either  T^  or  T2)  and  the  hole- 
ion  effective  interaction  Hamiltonian  is  given  by 
[7] 

Hf 

+  i[')'o“(^i>0)  +3y,«(T,,  \)s  S\l  l 
+  i[r„a(£,  0)-h3r,o(£,  1)5  5] 


X  [(3/.f  -  2)(3/?  -  2)  +  3(/,^  -  lj){ i:-  -  7,2)] 

+  5[yo«(7'2, 0)  +  3r,a(r2. 

X 

+  (f/,  +  /^)(7,/,  +  /,/,)]}.  (1) 

Here  /  (/  =  1)  and  s  (5  =  3)  correspond  to  the 
p-like  valence  band  states  at  F.  The  pseudo-an¬ 
gular-momentum  operators  /  in  the  subspace  i 
are  represented  by  the  usual  I  =  1  angular  mo¬ 
mentum  matrices.  In  this  subspace,  the  ionic  or¬ 
bital  angular  momentum  L  =  rl,  with  r=  -  1  for 
£  =  2(Cr2^Cu^■^)and  r=  -3/2 for  L  =  3 (V2% 
Ni^^X  Note  that  the  tetrahedrally  invariant  form 
of  is  completely  general;  only  the  coupling 
coefficients  depend  on  the  mechanism.  They  were 
deduced  from  the  Anderson  model  for  single¬ 
electron  p-d  hybridization  (mixing)  by  using  the 
irreducible  tensor  method.  y„,  y^  and  a(A,  S) 
are  given  in  ref.  [7)-. 

_ > _ 1  (2) 

"  N„  Uv-e,  e,  +  U,„-Ej'  ^  ’ 

where  N„  is  the  number  of  primitive  cells  per 
unit  volume  and  the  real-space  hopping  am¬ 
plitude  from  the  transition  metal  d  orbital  to  a 
neighbouring  anion  p  orbital.  The  energy  denom¬ 
inator  of  the  first  term  in  Eq.  (2)  corresponds  to 
the  virtual  emission  of  an  electron  from  the  ionic 
tj  subshell  to  the  valence  band.  The  second  term 
corresponds  to  the  inverse  virtual  process. 

In  order  to  calculate  the  contribution  of  //'” 
to  the  valence-band  Zeeman  splitting  in  the 
mean-field  approximation,  we  first  evaluate  the 
expectation  values  of  the  band  operators  in  the 
states  \jm).  In  a  zinc-blende  DMS,  the  £*  va¬ 
lence  band  (>  =  5)  splits  into  four  components 
with  energies 

£m=(VoJc/„{>[y,a(.4,,  1)<5,> 

+  r„a(7'„0)</,>l 

+  iyi«(7'..i)[(t->^) 

x(<S,/,>  +  <S,/,>)  -I-  (V  -  i)<S-/->] 
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+  iyoa(£,0)(m2-f)<3/?-2> 

+  hi«(  E,  l){m-’  -  tfm)<5,(3//  -  2)> 

+/,/,)> +  <5,(/,/, +  /,/,,)>]}  (3) 

for  magnetic  field  along  a  cube  axis  (z).  On  the 
other  hand,  the  spin-exchange  model  gives 
„  N„xl„ 

(4) 

The  expectation  values  of  the  ionic  operators 
have  to  be  calculated  in  the  eigenstates  of  the 
Zeeman  Hamiltonian  including  the  spin-orbit  in¬ 
teraction  and  then  thermally  averaged.  The 
spin-orbit  interaction  splits  the  ground  multiple! 
[10].  The  Zeeman  Hamiltonian  mixes  the  spin- 
orbit  eigenstates.  We  solve  the  3(25  1)- 

dimensional  eigenvalue  problem  in  order  to  cal¬ 
culate  the  thermal  averages. 

For  magnetic  field  along  a  trigonal  direction, 
the  quantization  axis  is  flKlll).  A  new  set  of 
orthogonal  axes  (i,  v  and  {)  is  used  to  rewrite 
and  to  calculate  the  averages. 


3.  Results  and  discussion 

5.7.  V-based  DMS 

Spin-orbit  interaction  splits  the  ground  multi¬ 
ple!  ‘*T,  of  into  four  levels:  E-,,  and 

Ff,  with  energies  -9A/4  -  (1305AV64J),  -9A/ 
4  -  (225AV64J),  3A/2  -  (45AV4J)  and  15A/4 
-  (225A^/644),  respectively  [lOj.  Here  A  is  the 
spin-orbit  coupling  constant  and  A  is  the  crys¬ 
tal-field  splitting.  After  adding  the  Zeeman 
Hamiltonian,  we  have  a  12  X  12  eigenvalue  prob¬ 
lem.  However,  for  B||<100>,  the  Hamiltonian 
matrix  reduces  into  four  3x3  blocks.  For 
B II  <  1 1 1  >  we  have  two  2x2  blocks  and  two  4x4 
blocks.  Exact  diagonalization  is  carried  out  nu¬ 
merically  and  the  valence  subband  energies  calcu¬ 
lated.  The  parameters  used  are  A  =  50  cm  ~ '  and 
A  =  36(X)  cm  '  suitable  for  the  CdTe  host  crystal 
[11]. 

Fig.  1  shows  the  dimensionless  subband  ener¬ 
gies  £„/(7V(,jr/,)  versus  magnetic  field  B  (in  tesla) 


Fig.  I.  Theoretical  valence-band  splitting  in  a  V-based  DMS 
at  T  =  2  K  for  B||<IOO>.  Subband  energies  E„ /lN„xl^)  are 
plotted  against  B  (in  tesla).  The  solid  curves  correspond  to 
the  full  effective  Hamiltonian  and  the  dashed  ones  to  the 
spin-exchange  model.  In  both  series  the  subbands  m  =  1. 

-  3  and  -  j  are  in  order  of  increasing  energy,  with  m  =  3  at 
the  bottom. 

along  a  cube  axis  at  7"  =  2  K.  The  solid  curves 
obtained  from  Eq.  (3)  correspond  to  the  full 
effective  Hamiltonian.  The  dashed  curves  result 
from  the  spin-exchange  model  Eq.  (4).  In  each 
series  the  subbands  m  =  4,  3.  -  4  and  -  4  are  in 
order  of  increasing  energy,  with  m  =  4  at  the 
bottom.  It  can  be  seen  that  the  orbital  coupling 
terms  lead  to  qualitatively  new  results.  A  remark¬ 
able  feature  is  the  large  asymmetry  of  the  band 
splitting  with  respect  to  the  zero-field  energy.  At 
10  T,  the  energy  of  the  m  =  -  4  subband  is 
-fO.52,  while  that  of  w  =  -I-  4  is  —0.23.  In  mag¬ 
neto-optical  experiments,  one  would  expect  a  cor¬ 
responding  asymmetry  between  the  and  a_ 
components  with  respect  to  the  zero-field  exciton 
line. 

Fig.  2  shows  the  band  splitting  in  magnetic 
field  along  a  trigonal  axis.  Comparison  between 
Figs.  1  and  2  reveals  strong  anisotropy.  Note  that 
the  splitting  asymmetry  is  reduced  for  B|Klll>. 
Fig.  3  presents  the  average  magnetic  moment  per 
ion  (in  /Ug)  versus  B.  Here  the  solid  curve  is 
for  BlKlOO)  and  the  dashed  one  for  B|Klll>. 
Notice  the  significant  anisotropy  of  magnetiza¬ 
tion. 

The  effects  of  the  orbital  coupling  terms,  illus¬ 
trated  above,  would  be  drastically  attenuated  in 
case  of  strong  Jahn-Teller  distortion.  (Evidence 
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Fig.  2.  Theoretical  valence-band  splitting  in  a  V-based  DMS 
at  T  =  2  K  for  BIKlll).  See  the  caption  of  Fig,  I  for  further 
description. 


Fig.  3.  Theoretical  magnetization  curves  for  a  V-based  DMS 
at  T  =  2  K.  Magnetic  moment  per  V’'  ion  (in  ng)  is  shown 
against  B  (in  tesla).  The  solid  curve  is  for  B II  (100)  and  the 
dashed  one  for  B  ||  ( 1 1 1  >. 

for  a  trigonal  distortion  was  reported  in  ZnS:V 
[12].)  On  the  other  hand,  the  orbital  effects  are 
expected  to  be  most  important  in  wurtzite-struc- 
ture  DMS.  Preliminary  calculations  suggest  that 
the  Zeeman  splitting  of  the  A  band  in  Cd,  _j^y,Se 
is  smaller  than  that  of  the  B  band,  in  contrast 
with  the  spin-exchange  model. 

3.2.  Cr-based  DMS 

Cr  as  impurity  in  cubic  II-VI  compounds  has 
been  systematically  investigated  [13].  In  all  cases, 
the  Cr^^  ion  shows  a  strong  static  Jahn-Teller 
distortion  along  a  tetragonal  axis.  The  ground 


orbital  triplet  Tj  splits  into  a  singlet  ground  state 
and  a  doublet  excited  state  separated  by  ~  1500 
cm~'.  The  spin-orbit  coupling  lifts  the  spin  de¬ 
generacy  in  the  second  order.  At  low  tempera¬ 
tures,  the  orbital  part  of  the  ground  state  remains 
mostly  iTj,  0).  Thus,  for  B  parallel  to  the  distor¬ 
tion  axis,  we  obtain  from  Eq.  (3)  the  subband 
energy  per  ion 

=  (5a) 

For  B  along  a  cube  axis  perpendicular  to  the 
distortion,  we  find 

=  -^  [  -  -  f )  -  |(m2  -  f  )m<S  >] . 

(5b) 

As  the  distortion  axes  for  different  ions  are  ran¬ 
domly  oriented,  for  B II  ( 100),  the  subband  ener¬ 
gies  are 

j)"t(<5||  ) 

-(■Sx>)].  (6) 

Thus  the  band  splitting  is  qualitatively  similar  to 
that  in  the  spin-exchange  model.  However,  the 
second  term  increases  the  splitting  between  -  f 
-I-  4,  and  decreases  that  between  -  t  and  -i-  1. 
But  this  correction  decreases  with  increasing  field 
and  vanishes  at  saturation. 

An  experimental  study  has  been  reported  [9]  in 
Zn,_^Cr^Se  with  x  rather  small  (maximum  x  = 
0.0045).  The  magnetoreflectance  data  indeed  fit 
in  with  the  spin-exchange  model.  But  the  most 
striking  feature  is  the  sign  reversal  of  the 
valence-band  splitting:  the  m  =  4  subband  lies 
above  w  =  -  4.  This  implies  a  ferromagnetic  ef¬ 
fective  exchange,  in  contrast  with  the  cases  of 
Mn-,  Fe-  or  Co-based  DMS.  On  the  other  hand, 
the  magnitude  of  the  exchange  parameter  is  of 
order  1  eV,  much  too  large  for  the  direct  ex¬ 
change  mechanism.  A  tempting  interpretation  is 
to  assume  a  negative  value.  This  would,  how¬ 
ever,  mean  that  the  Cr  d  level  (c^)  lies  above  the 
valence  band  edge  (E^),  implying  an  unstable 
3d^  configuration.  The  presence  of  a  hole  should 
then  lead  to  real  transition  into  the  Cr^^  state. 
Apparently,  the  time  delay  for  such  a  process  is 
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sufficiently  long  and  the  effective  hole-ion  inter- 
actio!"  Hamiltonian  with  n  =  4  can  be  used  phe- 
nonu  lologically  for  analyzing  the  Zeeman  split¬ 
ting  of  the  exciton  line.  Of  course,  photoemission 
experiments  should  be  performed  in  order  to 
check  the  energy  level  scheme. 

3.3.  Ni-based  DMS 

The  spin-orbit  interaction  splits  the  ground 
multiplet  ’T|  of  Ni‘  into  four  levels.  The  ground 
state  is  a  singlet.  The  first  excited  level  lies  G  = 
-3A/2  -  15(A^/44)  above.  With  4  =  4200  and 
A  =  -300,  we  estimate  G  =  370  cm"'.  The  field- 
induced  mixing  can  be  treated  as  a  perturbation 
and  the  low-temperature  operator  averages  calcu¬ 
lated  analytically.  We  obtain 

b/i.xlfi 

=  (7) 

Thus,  orbital  coupling  leads  to  a  sign  reversal  for 
the  m  =  ±  3  subbands.  Unfortunately,  it  would 
be  hard  to  detect  experimentally,  because  <5.>  is 
rather  small:  <5j>  =  -  y  fi^B/G  *  -0.06  at  10 
T.  The  estimated  low-temperature  magnetization 
of  such  Van  Vleck  paramagnets  is  also  small;  the 
magnetic  moment  per  ion  is  given  by  3.5(5,) fig. 

3.4.  Cu-based  DMS 

The  ground  multiplet  of  Cu^*  is  ^Tj.  The 
spin-orbit  coupling  splits  it  into  a  doublet  (T,) 
ground  state  and  a  quartet  (T^)  excited  level 
separated  by  G  =  -  |A  -  (3A^/24).  Assuming 
A  =  5500  and  A  =  -800,  we  estimate  G  =  1000 
cm"'.  We  can  therefore  neglect  the  level  and 
calculate  the  operator  averages  analytically.  We 
find 

=  0.  (8) 

This  indeed  represents  a  drastic  contradiction 
with  the  spin-exchange  model  that  predicts  an 
overall  splitting  of  ( V„jr/,)/3  at  saturation. 


4.  Concluding  remarks 

We  have  calculated  the  valence-band  Zeeman 
splitting  in  cubic  V-,  Cr-,  Ni-  and  Cu-based  DMS 


with  an  effective  hole-ion  interaction  Hamilto¬ 
nian  reported  previously.  The  coupling  terms  in¬ 
volving  the  orbital  degrees  of  freedom  lead  to 
drastic  modifications  of  the  band  splitting  ex¬ 
pected  from  the  simple  spin-exchange  model.  In 
V-based  DMS  large  magneto-optical  asymmetry 
is  predicted.  In  the  case  of  Cr,  static  Jahn-Teller 
distortion  tends  to  quench  the  orbital  effects,  in 
agreement  with  experimental  data  in  Zn ,  _^Cr ^Se. 
But  the  observed  sign  reversal  of  the  band  split¬ 
ting  suggests  a  negative  value,  implying  that 
the  Cr  d  level  in  ZnSe  lies  above  the  valence 
band.  On  the  other  hand,  in  Ni-based  DMS  the 
orbital  coupling  terms  lead  to  a  sign  reversal  of 
the  tn  =  ±  j  subbands.  However,  the  spin-orbit 
coupling  is  so  large  that  the  magnetization  and 
band  splittings  are  expected  to  be  rather  small  in 
these  Van  Vleck  paramagnets.  In  Cu-based  DMS 
the  total  effective  Hamiltonian  predicts  a  vanish¬ 
ing  valence-band  splitting  in  complete  contradic¬ 
tion  with  the  spin-exchange  model.  Our  results 
would  hopefully  encourage  experimental  studies 
of  new  DMS  systems,  in  particular,  those  based 
on  V  and  Cu. 
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Abstract 

Temperature  dependent  magnetization  measurements  have  been  performed  on  both  thick  Cd|_,Mn,Te  layers 
and  a  CdTe/Cd,  .^Mn^Te  superlattice  grown  by  molecular  beam  epitaxy  (MBE).  The  general  behaviour  of  the  thick 
layers  is  similar  to  bulk-grown  material,  with  a  spin-glass  state  being  formed  at  low  temperatures,  but  the  magnitude 
of  the  high-temperature  susceptibilities  differs  signiflcantly.  This  may  be  due  to  structural  differences  in  the  material 
grown  by  different  methods.  The  layer  with  the  highest  Mn  fraction  of  x  =  0.70  shows  antifcrromagnctic  behaviour 
with  a  Neel  temperature  of  48  K.  The  superlattice  structure  containing  100  A  thick  layers  of  Cd„55Mn|,45Te  also 
showed  a  spin-glass  transition,  but  had  an  enhanced  paramagnetic  contribution  to  the  susceptibility  at  low 
temperatures.  This  could  be  caused  by  the  reduction  in  dimensionality  or  by  an  interface  effect. 


The  magnetic  properties  of  bulk  dilute  mag¬ 
netic  semiconductors  such  as  Cd,_^Mn^Te  have 
been  extensively  studied  in  recent  years.  For  Mn 
fractions  x  between  0.2  and  0.6  this  material 
condenses  into  a  spin-glass  phase  below  a  critical 
temperature  Tf(x)  [1],  although  ttie  precise  na¬ 
ture  of  this  state  has  been  the  subject  of  some 
discussion  [2,3].  For  x  >  0.6  it  has  been  suggested 
that  the  ordering  is  antiferromagnetic  [1],  but 
experiments  are  hampered  by  the  formation  of 
mixed  structural  phases  in  bulk-grown  material 
for  X  >  0.7.  Investigations  of  the  magnetic  be¬ 
haviour  of  low-dimensional  CdMnTe  are  less  nu- 
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merous.  Theory  predicts  a  critical  dimensionality 
of  between  two  and  three  for  the  spin-glass  state 
[4],  so  this  would  be  expected  to  vanish  as  the 
thickness  of  a  CdMnTe  layer  is  reduced.  This 
disappearance  was  observed  by  Awschalom  et  al. 
[5,6]  in  a  series  of  CdMnTe/CdTe  superlattices 
with  CdMnTe  layer  thicknesses  between  80  and 
20  A.  They  also  found  thermal  hysteresis  in  the 
thinnest  layers,  which  is  not  fully  understood. 

In  this  paper  we  report  measurements  of  the 
magnetization  as  a  function  of  temperature  in 
CdMnTe  structures  grown  by  MBE.  The  be¬ 
haviour  of  thick  layers  (~  2  /zm)  is  qualitatively 
similar  to  that  of  bulk-grown  samples,  but  quanti¬ 
tative  differences  are  observed  which  may  reflect 
structural  differences  in  the  material  grown  by 
the  two  methods.  Significantly  different  results 
are  obtained  from  a  CdMnTe/CdTe  superlattice 
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containing  100  A  CdMnTe  layers,  which  may  be 
due  to  interface  effects  or  a  consequence  of  the 
reduced  dimensionality. 

The  samples  studied  were  grown  by  MBE  on 
InSb  (100)  substrates  at  the  University  of  Hull  [7]. 
The  magnetization  was  measured  in  a  DC  SQUID 
magnetometer:  the  normal  measuring  field  was 
0.1  T,  although  no  significant  dependence  of  the 
susceptibility  upon  magnetic  field  was  observed 
up  to  1.0  T.  The  Mn  concentrations  x  were 
deduced  from  both  high  resolution  double-crystal 
X-ray  diffraction  rocking  curves,  and  dynamical 
simulation  [8]  and  from  Raman  measurements  of 
the  CdTe-like  and  MnTe-like  longitudinal  optic 
phonon  frequencies  [9]:  the  former  technique  also 
gives  the  layer  thicknesses  in  the  superlattice 
sample. 

Typical  results  for  a  thick  layer  are  shown  in 
Fig.  1,  which  plots  the  magnetization  Af  as  a 
function  of  temperature  for  a  2  /tm  thick  sample 
of  Cd()  72  Mno2gTe.  The  M(T)  curve  shows  a  cusp 
at  a  temperature  of  4  K,  below  which  the  magne¬ 
tization  depends  upon  whether  the  sample  was 
cooled  in  zero  magnetic  field  (ZFC)  or  with  the 
measuring  field  already  applied  (FC).  This  be- 
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Fig.  1.  The  magnetization  of  the  thick  layer  with  z  =  0.28, 
showing  the  divergence  of  the  field-cooled  (FC)  and  zero- 
field-cooled  (ZFC)  data  and  the  thermoremanent  magnetiza¬ 
tion  (TRM)  below  4  K,  indicative  of  the  spin-glass  state. 
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Fig.  2.  The  magnetization  of  the  thick  layer  with  x  =  0.70. 
There  is  no  difference  between  FC  and  ZFC  data  and  no 
TRM,  suggesting  antiferromagnetic  ordering.  The  cusp  in  the 
magnetization  gives  a  Neel  temperature  of  48  K. 


haviour  is  characteristic  of  the  spin-glass  forma¬ 
tion  in  bulk-grown  CdMnTe  [1,10]  and  the  point 
of  divergence  of  the  FC  and  ZFC  curves  is  nor¬ 
mally  taken  as  the  freezing  temperature  Tf.  With 
our  use  of  a  DC  SQUID  we  were  also  able  to 
measure  the  thermoremanent  magnetization 
(TRM)  produced  when  the  sample  is  cooled  in 
field  and  the  field  then  removed  [10,11],  and  we 
feel  that  the  vanishing  of  the  TRM  provides  the 
most  accurate  indication  of  Tf. 

This  behaviour  characteristic  of  a  spin-glass 
phase  was  seen  in  thick  layers  with  x  =  0.28  and 
X  =  0.53,  the  values  of  T,  deduced  being  4  K  and 
22  K  respectively.  These  are  similar  to  the  transi¬ 
tion  temperatures  found  in  bulk-grown  material 
[1,10,11].  However,  a  thick  layer  with  jt  =  0.70 
gave  rather  different  results,  as  shown  in  Fig.  2. 
There  is  a  cusp  in  the  magnetization  at  a  temper¬ 
ature  of  48  K,  below  which  the  temperature  de¬ 
pendence  is  weak,  with  no  difference  between  FC 
and  ZFC  data,  and  there  is  no  TRM.  We  inter¬ 
pret  this  as  due  to  antiferromagnetic  ordering,  as 
observed  previously  by  Galazka  et  al.  [1].  The 
N6el  temperature  of  48  K  is  the  highest  value 
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Fig.  .1.  The  inverse  susceptibility  of  the  three  thick  layer 
samples,  plus  a  bulk  sample  for  comparison.  The  solid  and 
dashed  lines  show  the  bulk  data  of  refs.  [lOj  and  [12],  respec¬ 
tively.  Although  the  MBE  samples  have  high  temperature 
susceptibilities  of  Curie-Weiss  form,  as  seen  in  the  bulk,  the 
actual  magnitudes  are  significantly  higher. 


from  magnetization  studies  that  we  are  aware  of, 
and  this  may  reflect  the  ability  of  MBE  to  grow 
pure  cubic  material  following  the  substrate  struc¬ 
ture  at  Mn  concentrations  where  bulk  growth 
produces  mixed  structural  phases. 

At  temperatures  well  above  Tf  bulk-grown 
CdMnTe  behaves  paramagnetically,  with  a  sus¬ 
ceptibility  X  of  ^he  Curie-Weiss  form  x  = 
C{x)/[T  -l-fl(x)],  where  0(.x)  is  the  Curie-Weiss 
temperature  [10.12],  Thus  a  plot  of  x~ '  against  T 
gives  a  straight  line  whose  gradient  and  intercept 
reflect  C(jr)  and  0(.x),  respectively.  Our  data 
from  the  MBE-grown  thick  layers  follow  this  form, 
as  shown  in  Fig.  3,  but  the  values  of  C(jr)  and 
0(x)  differ  significantly  from  those  seen  in  bulk- 
grown  material.  The  results  from  refs.  [10]  and 
[12]  are  shown  by  solid  and  dashed  lines,  respec¬ 
tively,  and  it  can  be  seen  that  the  MBE  samples 
have  considerably  higher  susceptibilities  than 
bulk-grown  material  of  the  same  composition. 
The  values  of  C(x)  are  of  order  50%  greater  in 
the  MBE  samples,  while  l9(x)  is  270  K  and  340  K 
for  the  X  =  0.28  and  x  =  0.53  layers,  respectively, 
compared  with  values  of  140  K  and  320  K  ex¬ 
pected  from  ref.  [12],  Fig.  3  also  shows  measure¬ 
ments  made  in  our  equipment  on  a  bulk-grown 


Fig.  4,  A  comparison  of  the  susceptibilities  of  a  thick  layer  and  of  100  A  layers  in  a  superlattice.  Although  both  show  spin-glass 
behaviour  at  low  temperatures,  there  is  an  additional  paramagnetic  contribution  to  the  susceptibility  of  the  superlattice  layer-. 
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sample  with  x  =  0.45,  which  provides  a  test  for 
systematic  errors.  This  sample  gives  a  somewhat 
lower  susceptibility  than  the  data  of  refs.  [10]  and 
[12],  in  contrast  to  the  MBE  layers,  with  d(x)  = 
280  K  as  compared  with  the  value  of  260  K 
expected  from  ref.  [12].  The  cause  of  this  differ¬ 
ence  between  bulk-  and  MBE-grown  samples  is 
unclear  at  present,  but  one  possibility  is  that  the 
distribution  of  Mn  ions  on  the  cation  sites  is 
nonrandom  in  either  or  both  types  of  material. 
This  would  alter  the  number  of  clusters  of  Mn 
ions  interacting  antiferromagnetically,  and  thus 
change  the  susceptibility.  It  has  been  suggested 
previously  that  the  Mn  distribution  in  bulk-grown 
CdMnTe  is  nonrandom  [l,iri.  although  this  may 
be  due  to  the  limitations  of  the  theoretical  mod¬ 
els  used  [11].  Alternatively,  the  MBE-grown 
CdMnTe  may  have  an  ordered  distribution  of  Cd 
and  Mn  ions  of  the  form  found  in  various  III-V 
alloys  when  grown  by  MBE. 

Fig.  4  compares  the  susceptibility  of  the  2  /am 
thick  layer  of  Cd(,47Mn„5,Te  described  above 
with  that  of  100  A  thick  layers  of  Cdo.55Mno45Te 
in  a  superlattice  structure.  The  superlattice  con¬ 
tained  200  CdMnTe  layers  separated  by  50  A 
layers  of  CdTe,  and  the  Mn  fraction  in  the  Cd¬ 
MnTe  layers  was  confirmed  by  both  X-ray 
diffraction  and  Raman  scattering  studies  with  the 
strain  in  the  structure  taken  into  account  [8,9]. 
The  superlattice  shows  the  behaviour  characteris¬ 
tic  of  a  spin-glass,  with  a  difference  between  the 
FC  and  ZFC  data  and  the  appearance  of  TRM 
below  the  transition  temperature  of  T,  =  19  K. 
This  freezing  temperature  for  x  =  0.45  is  consis¬ 
tent  with  the  values  seen  in  the  thick  layers  and 
in  bulk-grown  material.  However,  the  superlattice 
sample  shows  a  greatly  enhanced  paramagnetic 
component  to  the  susceptibility  at  low  tempera¬ 
tures.  This  difference  between  the  two  samples  is 
more  than  10  times  greater  than  can  be  ac¬ 
counted  for  by  the  small  difference  in  their  Mn 
concentrations. 

One  possible  explanation  of  this  enhanced 
paramagnetism  would  be  that  the  CdTe  layers  in 
the  superlattice  actually  contain  a  small  fraction 
of  Mn  arising  from  Mn  diffusion  during  growth. 
In  fact,  the  data  can  be  fitted  very  well  if  it  is 
assumed  that  the  CdTe  layers  contain  a  Mn  frac¬ 


tion  of  jc  ~  0.03,  and  thus  contribute  an  addi¬ 
tional  paramagnetic  magnetization.  However, 
there  is  evidence  from  other  sources  that  such 
interdiffusion  has  not  occurred  in  this  sample. 
The  Raman  studies  [9]  give  an  upper  limit  of 
X  =  0.02  for  the  Mn  content  of  the  CdTe  layers, 
while  the  energy  of  the  free  exciton  photolumi¬ 
nescence  from  the  quantum  wells  could  not  be 
consistent  with  x  >  0.01  in  the  wells  and  reason¬ 
able  assumptions  about  the  band  offsets  and  exci¬ 
ton  binding  energy.  Most  convincing,  however,  is 
the  shift  of  the  free  exciton  emission  in  magnetic 
field,  which  implies  a  Mn  content  in  the  wells  of 
X  <  0.001  [13].  These  optical  measurements  sam¬ 
ple  only  the  uppermost  ~  0.1  /itm  of  the  superlat¬ 
tice,  whereas  the  magnetization  results  reflect  the 
full  3  /im  thickness  of  the  structure,  so  the  en¬ 
hanced  paramagnetism  could  arise  from  greater 
interdiffusion  at  the  bottom  of  the  superlattice, 
which  is  held  at  elevated  temperatures  for  a 
longer  time  in  the  growth  process.  This  was  shown 
not  to  be  a  serious  factor  by  etching  away  a 
section  of  the  substrate  and  comparing  the  photo¬ 
luminescence  from  the  top  and  bottom  of  the 
superlattice  [13].  The  peak  emission  energy  from 
the  bottom  of  the  structure  was  ~  3  meV  higher, 
which  corresponds  to  a  Mn  fraction  in  the  wells 
only  0.002  greater. 

We  thus  believe  that  the  enhanced  paramag¬ 
netism  that  we  observe  in  the  superlattice  is  not 
due  to  interdiffusion,  but  is  either  a  consequence 
of  the  reduced  dimensionality  or  an  effect  of  the 
CdTe-CdMnTe  interfaces.  We  observed  no  de¬ 
pendence  of  the  susceptibilities  measured  upxjn 
whether  the  magnetic  field  was  applied  parallel 
or  perpendicular  to  the  layers:  the  observation  of 
such  a  difference  would  have  strongly  suggested 
that  the  reduced  dimensionality  was  responsible. 
The  layer  thickness  of  100  A  is  considerably 
greater  than  the  value  of  40  A  where  Awschalom 
et  al.  [5,6]  saw  the  onset  of  dimensional  crossover 
in  CdMnTe  layers  of  rather  lower  Mn  content. 
Given  the  short-range  nature  of  the  interaction 
between  Mn  ions,  we  feel  that  the  additional 
paramagnetism  is  more  likely  to  arise  from  an 
interface  effect.  The  Mn  ions  near  a  CdTe- 
CdMnTe  interface  will  have  fewer  magnetic 
neighbours  in  an  anisotropic  distribution,  and 
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may  therefore  be  less  likely  to  form  antiferromag¬ 
netic  clusters  than  Mn  ions  in  the  bulk  of  a  layer. 
This  idea  is  supported  by  spin-flip  Raman  mea¬ 
surements  on  the  same  sample  [14],  which  show 
an  energy  shift  of  Brillouin  function  form  in  a 
magnetic  field,  implying  that  the  electron  states 
in  the  quantum  wells  are  coupled  to  paramag¬ 
netic  ions.  The  Mn  concentrations  in  the  CdTe 
necessary  to  explain  these  shifts  are  0.01-0.02, 
whereas  the  photoluminescence  data  give  x  < 
0.001  in  the  wells  [13].  The  CdMnTe  layers  are  in 
the  spin-glass  phase  at  the  measurement  temper¬ 
ature  of  1.5  K,  and  so  should  not  give  rise  to 
energy  shifts  of  paramagnetic  resonance  form. 
Furthermore,  since  the  signals  are  detected 
through  the  electron  states  in  the  CdTe  quantum 
wells,  they  should  only  be  sensitive  to  the  regions 
of  the  CdMnTe  layers  very  close  to  the  interfaces. 
Thus  these  results  not  only  confirm  the  presence 
of  additional  paramagnetic  ions  in  the  superlat¬ 
tice,  they  also  provide  support  for  the  hypothesis 
that  these  are  located  at  or  near  the  CdTe- 
CdMnTe  interfaces. 
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Abstract 

We  report  on  synchrotron  radiation  reflectance  spectroscopy  experiments  on  the  interband  transitions  of 
Zn,  _,Mn^Se  for  concentrations  0  ^  0.4  within  the  energy  range  from  2  to  15  eV  at  a  temperature  of  30  K.  By 

use  of  Kramers-Kronig  transformation,  the  dielectric  function  was  calculated,  the  imaginary  part  of  which  was 
analysed.  In  addition  to  the  well-known  anomalous  concentration  dependence  of  the  band  gap,  the  same  anomaly  is 
found  for  the  critical  point  transitions  E,  and  E,  -1-4,  and  for  the  Zn  3d  core  level  transitions.  For  all  other  critical 
point  transitions  we  find  a  linear  concentration  dependence.  The  anomalous  behaviour  is  discussed  by  means  of 
sp-d  exchange  interaction,  assuming  that  this  interaction  influences  mainly  $-like  conduction  states  but  that  the 
influence  vanishes  for  mainly  p-like  conduction  states. 


1.  Introduction 

Zn|_^Mn  jSe  belongs  to  the  family  of  diluted 
magnetic  semiconductors  (DMSs)  in  which  transi¬ 
tion  metal  atoms  substitute  for  the  group  11  ele¬ 
ments.  The  magnetic  moments  introduced  by  the 
transition  metal  atoms  lead  to  several  interesting 
optical  and  magneto  optical  properties  [1],  one  of 
them  being  the  variation  of  critical  point  ener¬ 
gies.  It  has  been  shown  that  the  Mn-based  wide 
gap  materials  do  not  show  a  common  concentra¬ 
tion  dependence.  The  band  gap  varies  linearly 
with  manganese  concentration  x  for  Cd,  _^Mn,Te 
and  Zn|_^Mn,S  [2,3],  but  in  Zn,_j,Mn^Te  and 
Zn|_^Mn^Se  an  anomalous  concentration  de¬ 
pendence  is  found  [4,5].  For  Zn,_^Mn,Se  the 
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band  gap  first  decreases  up  to  a  manganese  con¬ 
centration  of  x  =  0.03  and  then  increases  with 
further  increasing  amount  of  manganese. 

The  band  gap  variation  of  DMS  due  to 
various  interactions  such  as  transition  metal  con¬ 
centration,  temperature  and  exchange  interaction 
can  be  described  if  they  are  taken  as  energy 
corrections  to  the  band  gap  energy  £„  of  the  pure 
(x  =  0),  unperturbed  crystal  at  zero  temperature 
[4,5]: 

E^{x,T)=E„  +  E,  +  Et  +  E^^,  (1) 

where  E^,  Ej  and  E„  denote  the  energy  correc¬ 
tions  due  to  composition,  temperature  and  ex¬ 
change  interaction,  respectively.  In  a  first  order 
approximation,  the  composition-derived  energy 
correction  term  £,  can  be  assumed  to  vary  lin¬ 
early  with  concentration  x.  For  the  temperature 
dependence,  the  description  presented  by  Varshni 
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can  be  applied  [6],  A  possible  deviation  ^£(jr)  of 
the  concentration  dependence  of  the  experimen¬ 
tal  band  gap  values  from  a  linear  behaviour  now 
can  be  ascribed  to  the  influence  of  exchange 
interaction.  If  the  temperature  is  kept  constant, 
AE(x)  and  thus  the  term  £„  can  be  expressed  as 
follows; 

AE(x)^E^{x)=E^(x)-(d  +  c),  (2) 

with  c  =  E„-  aT^/{T  +  0)  representing  the  cor¬ 
rection  due  to  the  given  temperature  [6]. 

The  influence  of  magnetic  interaction  can  be 
calculated  directly  if  second  order  pertubation 
theory  is  applied  to  the  Hamiltonian  describing 
the  coupling  of  band  electrons  with  localized  Mn 
spins.  The  calculation  delivers  the  following 
equation: 

E„=-bx{x,T)T,  (3) 

where  b  contains  the  unit  cell  volume  and  the 
exchange  parameters,  and  x^x,  T)  is  the  suscep¬ 
tibility  (for  a  detailed  presentation,  see  Bylsma  et 
al.  [5]).  The  considerations  presented  above  for 
the  fundamental  transition  E^  were  applied  also 
for  the  analysis  of  the  concentration  dependence 
of  higher  energy  critical  points  and  Zn  3d  core 
level  transitions. 


2.  Experimental  procedure 

The  high-resolution  reflectance  spectroscopy 
experiments  were  carried  out  at  the  3m-NIM  1 
beamline  of  the  synchrotron  radiation  storage 
ring  BESSY  in  Berlin.  Crystals  were  grown  at  our 
institute  using  a  modified  Bridgman  technique, 
and  the  manganese  content  was  checked  by  mi¬ 
croprobe  analysis.  From  the  bulk  crystals,  sam¬ 
ples  were  prepared  by  cleaving  under  ambient 
conditions.  The  samples  were  then  mounted  in  an 
Oxford  Instruments  CF  1100  cryostat,  allowing 
experiments  in  the  temperature  range  of  25  K  up 
to  room  temperature.  From  the  reflectance  data, 
the  dielectric  function  was  calculated  via 
Kramers- Kronig  transformation,  and  the  imagi¬ 
nary  part  of  the  dielectric  function  was  subjected 
to  a  lineshape  analysis  (for  detailed  information, 
see  ref.  [7]). 


3.  Results  and  discussion 

For  the  pure  ZnSe  (x  =  0),  the  imaginary  part 
of  the  dielectric  function  shows  well-pronounced 
structures  due  to  interband  and  Zn  3d  core  level 
transitions.  Especially  for  the  interband  transition 
region  up  to  10  eV,  the  structures  are  well  known, 
and  the  assignment  is  supported  by  detailed  theo¬ 
retical  work  [8]  (see  Fig.  1  and  Table  1).  The 
results  of  the  line  shape  analysis  are  summarized 
in  Table  1.  For  the  interband  transitions,  best  fit 
results  were  achieved  using  two-dimensional  criti¬ 
cal  point  line  shape  and  corresponding  excitonic 
line. 

To  confirm  our  data,  we  first  analysed  the 
concentration  dependence  of  the  band  gap.  The 
anomalous  behaviour  of  E^  is  clearly  shown  in 
Fig.  2.  The  result  is  in  excellent  agreement  with 
the  data  reported  by  Bylsma  et  al.  [5].  From  the 
experimental  band  gap  data,  we  extrapolated  the 
band  gap  energy  of  hypothetical  zincblende  MnSe 
(x=l)  (see  Table  1)  and  calculated  the  term 


Fig.  1.  Imaginary  part  of  the  dielectric  function  of  ZnSe  at 
r  =  30  K.  The  critical  points  are  labeled  according  to  ref.  [8]. 
For  the  energy  range  of  Zn  3d  transitions  the  scale  is  en¬ 
larged. 
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AE(x)  (see  Eq.  (2)).  The  resulting  data  are  shown 
in  Fig.  3.  A  comparison  with  susceptibility  data  of 
Bylsma  et  al.  recorded  at  T  =  8  K  [5]  shows  a 
linear  relation  as  predicted  by  Eq.  (3)  (see  Fig.  3). 

For  the  cricital  point  transitions  E,  and  E,  +  4, 
located  at  the  L-point  of  the  Brillouin  zone,  an 
interesting  behaviour  is  observed.  The  concentra¬ 
tion  dependences  show  the  same  anomaly  as  the 
fundamental  transition,  but  their  shape  is  re¬ 
versed:  the  critical  point  energies  first  increase 
with  increasing  amount  of  manganese  up  to  a 
maximum  at  about  x  =  0.03,  and  then  decrease 
with  further  increasing  Mn  concentration  (see 
Fig.  2).  The  spin-orbit  splitting  4,  remains  con¬ 


stant  over  the  whole  concentration  range.  As  for 
Eg,  the  exchange-interaction-derived  contribution 
AE(x)  of  E,  and  E,  +4,  is  proportional  to  the 
susceptibility  (see  Fig.  3). 

The  structures  in  the  energy  range  of  5.5  to  10 
eV  can  be  followed  up  to  a  manganese  concentra¬ 
tion  of  »  0.2.  The  broad  structure  peaking  at  6.4 
eV  is  a  convolution  of  four  critical  point  transi¬ 
tions  which  are  located  in  the  volume  of  the 
Brillouin  zone  (E21),  along  the  4-line  (E22  and 
E23),  and  near  the  X-point  [8].  The  line  shape 
analysis  delivers  a  linear  concentration  depen¬ 
dence  for  the  critical  points  E2,  to  E24.  The  same 
result  is  found  for  the  critical  points  Ep,  E,',  +  4J,, 


Mn  concentration  x 

Fig.  2.  Concentration  dependence  of  the  critical  point  energies  determined  by  line  shape  analysis.  Left:  critical  points  showing  an 
anomalous  concentration  dependence  (see  also  Table  I);  right:  critical  points  varying  linearly  with  jc.  Solid  lines  are  drawn  to  guide 
the  eye. 
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Table  1 

Critical  point  energies  of  pure  ZnSe;  the  theoretical  data  are 
from  Chelikowsky  and  Cohen  [8];  for  transitions  with  an 
anomalous  concentration  dependence  the  extrapolated  ener¬ 
gies  of  hypothetical  zincblende  MnSe  are  given 


Structure 

Critical  point  energy  (eV) 

ZnSe 
(x  =  0) 

Theory 

MnSe 
(x  =  l) 

E. 

2.80 

3.39 

E, 

4.88 

4.79 

3.90 

E,  +  J, 

5.13 

5.06 

4.20 

^21 

6.13 

E„ 

6.34 

^2.1 

6.54 

6.50 

E:4 

6.72 

6.71 

e;, 

7.30 

7.22 

7.45 

7.47 

e; 

8.33 

8.39 

E’l' 

8.95 

8.86 

E,., 

11.85 

11.50 

E,.: 

12.11 

11.82 

Ed, 

12.18 

11.87 

Ej: 

12.45 

12.17 

E'l  and  E".  E,',  and  En  +  Jp  are  assigned  to 
transitions  from  the  valence  band  maximum  into 
higher  conduction  band  states  and  The 
conduction  band  spin-orbit  splitting  A'„  at  the 
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Fig.  3.  Energy  corrections  d£(x)  for  E,  and  Ej,.  The 
data  are  proportional  to  the  susceptibility  data  of  Bylsma  et 
al.  [5],  also  shown  for  comparison.  Lines  are  drawn  as  guides 
to  the  eye. 


r-point  increases  with  increasing  amount  of  man¬ 
ganese.  The  transitions  associated  to  the  critical 
points  EJ  and  E"  are  located  at  the  L-point  and 
along  A  [8].  The  concentration  dependence  of 
the  above  structures  is  shown  in  Fig.  3. 

The  structures  near  12  eV  are  due  to  the 
excitation  of  Zn  3d  core  level  excitons  and  transi¬ 
tions  from  3d  core  levels  into  the  CB  minimum  at 
the  T-point  [7].  The  interpretation  of  the  experi¬ 
mental  data  is  based  on  a  model  presented  for 
ZnS  [9].  Due  to  crystal  field  and  spin-orbit  inter¬ 
action,  the  Zn  d  states  at  the  T-point  are  split 
into  three  states:  Fg,  F-,  and  Fg.  The  ordering 
and  the  energy  separation  of  the  states  is  strongly 
influenced  by  p-d  repulsion  [10].  In  ZnSe,  the 
energy  separation  between  the  upper  Fg  and  F-, 
is  rather  small  and  thus  impossible  to  be  resolved 
experimentally.  We  therefore  find  only  two  core 
exciton  lines  E^,  and  E^j  at  11.85  and  12.11  eV, 
respectively  (for  ZnS  three  core  exciton  lines 
were  observed  [9]).  The  associated  core  level  to 
conduction  band  transitions  E^,  and  £^2  ^te  at 
12.18  and  12.45  eV,  respectively,  giving  an  exciton 
binding  energy  of  335  meV.  The  analysis  of  the 
concentration  dependence  of  the  Zn  3d  core  level 
transitions  delivers  the  same  anomalous  be¬ 
haviour  as  found  for  E,  and  E,  -i-4,.  The  mag¬ 
netic  exchange  correction  J£( at)  of  the  core  level 
transitions  is  shown  in  Fig.  3,  also  being  propor¬ 
tional  to 

The  influence  of  the  sp-d  exchange  interac¬ 
tion  on  the  different  critical  point  and  core  level 
transitions  can  be  discussed  in  the  light  of  the 
wave  function  character  of  the  corresponding  fi¬ 
nal  CB  states.  Band  structure  calculations  [10,11] 
yield  the  CB  wave  function  character  at  the  dif¬ 
ferent  points  of  the  BZ.  Near  the  CB  minimum 
(£(,)  they  show  pure  s-character.  For  k*0,  mix¬ 
ing  of  s,  p  and  d  states  occurs  and  the  following 
distributions  are  found  [10,11]:  near  the  L-point 
75%  S-,  15%  p-  and  10%  d-character,  and  near 
the  X-point  26%  s-,  43%  p-  and  31%  d-character. 
The  higher  CB  states  (.Fy  g,  L^  ,)  are  built  of  75% 
p-  and  25%  d-character,  but  no  s-character.  The 
initial  valence  states  of  the  interband  transitions 
are  built  by  p-like  wave  functions. 

All  transitions  into  final  states  with  predomi¬ 
nantly  s-character,  i.e.  E^,  E,,  E,  -F^,,  and  the 
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Zn  core  level  excitations,  are  influenced  by  the 
exchange  correlation.  In  contrast  to  this,  transi¬ 
tions  into  final  states  with  predominantly  p-char- 
acter  are  not  influenced  by  the  exchange  interac¬ 
tion  and  thus  depend  linearly  on  the  x.  The 
symmetry  of  the  wave  function  of  the  excited 
electron  seems  to  play  a  dominant  role  for  the 
mechanism  of  coupling  between  the  CB  electron 
and  the  localized  Mn  spins.  The  Mn  3d  states  and 
the  p-  and  d-like  final  state  wave  functions  are 
described  by  the  same  symmetry.  Thus  the  sym¬ 
metry  of  the  wave  functions  should  be  considered 
to  calculate  the  influence  of  exchange  interaction 
at  different  points  of  the  Brillouin  zone  for  a 
better  insight  into  the  mechanism  of  coupling 
between  band  electrons  and  Mn  spins. 


5.  Conclusions 

We  have  presented  a  systematic  study  on  the 
concentration  dependence  of  the  critical  point 
and  Zn  3d  core  level  transitions  of  Zn,  _^Mn,Se. 
The  sp-d  exchange  interaction  between  band 
electrons  and  localized  Mn  spins  influences  the 
critical  point  transitions.  The  strength  of  the  in¬ 
teraction  depends  on  the  symmetry  of  the  final 
state  wave  functions:  if  the  final  state  is  predomi¬ 
nantly  of  p-character,  the  influence  of  exchange 
interaction  is  weak  and  the  critical  point  energies 
vary  linearly  with  x;  for  mainly  s-like  final  states, 
exchange  interaction  leads  to  an  anomalous  con¬ 


centration  dependence  as  observed  for  the  first 
time  for  the  fundamental  transition. 
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Abstract 

The  local  magnetic  behavior  of  recoil-implanted  isolated  Sc  ions  has  been  studied  in  II-VI  and  other 
semiconducting  compounds.  In  all  cases  nonmagnetic  configurations  were  observed  consistent  with  an  empty  d-shcll 
of  the  Sc  ion.  Additionally  a  different  influence  of  nearby  defects  on  the  Sc  probe  ion  was  observed  in  the  various 
types  of  compound  semiconductors. 


1.  Introduction 

Transition-element  impurities  greatly  influ¬ 
ence  the  electrical  and  optical  properties  of  semi¬ 
conductors.  They  occur  in  different  electronic 
configurations  and  charge  states.  Depending  on 
the  position  of  their  energy  levels  within  the  band 
gap  relative  to  the  Fermi  level,  such  impurities 
can  act  as  deep  traps  for  electrons  and  holes. 
Therefore  the  determination  of  the  electronic 
states,  the  charge  state  as  well  as  the  configura¬ 
tion,  and  their  dynamics  under  equilibrium  and 
non-equilibrium  conditions  is  of  great  importance 
for  the  understanding  of  the  role  of  the  impurity 
atoms  in  such  isolated  states  in  semiconducting 
materials. 

The  magnetic  behavior  directly  reflects  the 
configuration  of  the  outer  electrons,  which  results 
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from  the  interplay  of  inter-  and  intra-atomic  cor¬ 
relations  in  the  solid.  Therefore  the  local  mag¬ 
netism  of  isolated  transition-metal  ions  in  semi¬ 
conductors  can  be  used  to  investigate  and  identify 
their  electronic  states. 

Complementary  to  electron  paramagnetic  res¬ 
onance  (EPR),  we  study  the  magnetic  behavior  of 
transition  element  ions  in  semiconductors  via  the 
hyperfine  interaction  at  the  nucleus  using  the 
nuclear  method  of  perturbed  angular  distribution 
(PAD)  after  recoil  implantation.  In  the  case  of  Fe 
and  Ni  ions  in  ZnS  and  ZnTe,  at  least  two 
different  electronic  configurations  attributed  to 
different  charge  states  were  observed.  The  occur¬ 
rence  of  the  presumably  1  ^  state  of  Fe  (and  Ni) 
was  interpreted  as  resulting  from  electron  cap¬ 
ture  during  the  slowing-down  of  the  ions  in  the 
recoil-implantation  process  [1]. 

In  this  context,  the  behavior  of  the  elements  at 
the  beginning  (scandium)  and  the  end  (copper)  of 
the  transition  element  series  is  of  interest.  For 
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these  elements  the  distinction  of  different  charge 
states  might  be  easier  than  for  elements  in  the 
middle  of  the  series.  For  the  3^  state  in  scandium 
and  the  1  ^  state  in  copper,  nonmagnetic  configu¬ 
rations  should  dominate,  since  configurations  with 
a  completely  empty  or  filled  d-shell,  respectively, 
should  be  favored,  while  for  the  2"^  state  for 
d-like  electrons  a  magnetic  behavior  is  expected. 
In  contrast  to  EPR,  both  magnetic  and  nonmag¬ 
netic  states  are  easily  detected  and  investigated 
with  a  nuclear  method.  In  this  contribution,  we 
report  on  studies  of  scandium  in  Il-VI  and  other 
semiconducting  compounds  for  which  informa¬ 
tion  has  been  rather  scarce  so  far.  If  electron 
capture  processes  occur  as  discussed  for  Fe  and 
Ni  ions  [1]  then,  in  the  case  of  Sc,  they  may  be 
detected  via  the  observation  of  magnetic  configu¬ 
rations  well  distinguished  from  nonmagnetic  con¬ 
figurations.  In  fact,  the  occurrence  of  2*  Sc  ions 
in  ZnS  at  low  temperature  has  been  shown  by 
EPR  spectroscopy  after  optical  excitations  [2,3]. 


2.  Experiment 

In  the  experiments  reported  here  we  have 
studied  the  magnetic  behavior  of  Sc  ions  in  vari¬ 
ous  II-VI  compounds  as  well  as  in  a  few  III-V 
semiconductors  via  the  hyperfine  interaction  at 
the  nucleus  using  the  PAD  method  after  recoil 
implantation.  As  probe  nucleus  we  used  the  iso¬ 
meric  state  of  ‘•’Sc  (/  =  19/2,  Fj/j  =  473  ns,  nu¬ 
clear  g-factor  g  =  0.3286)  in  an  applied  external 
field  of  1.6  T.  The  nuclei  were  produced  in  a 
nuclear  reaction  using  a  pulsed  heavy  ion  beam 
from  the  accelerator  VICKSI  at  the  Hahn- 
Meitner-lnstitut.  The  reaction  used  was  '^C(’*Ar, 
a  p)‘”Sc  with  a  ’*Ar-ion  beam  of  136  MeV  en¬ 
ergy.  Due  to  the  transferred  kinetic  energy  from 
the  nuclear  reaction,  the  ions  recoil  out  of  the 
target  foil,  a  2.3  mg/cm^  thick  carbon  foil,  and 
are  implanted  deeply  into  the  sample  (up  to  a  few 
/rm)  mounted  directly  behind  the  reaction  foil. 
The  nuclear  process,  in  addition,  produces  the 
alignment  of  the  nuclear  spins,  resulting  in 
anisotropically  emitted  y-radiation.  The  hyper¬ 
fine  interaction,  observed  as  the  variation  in  time 
of  the  anisotropic  angular  distribution,  is  mea- 


Fig.  1.  PAD  modulation  spectrum  and  corresponding  Fourier 
transform  of  the  19/2  isomer  in  ''^Sc  implanted  into  ZnS  at  80 
K  with  an  externally  applied  magnetic  field  of  1.6  T. 


sured  in  situ  and  immediately  after  the  isomeric 
state  is  populated  and  implanted  into  the  sam¬ 
ples. 

The  samples  (zinc  chalcogenide  samples:  sin¬ 
gle  crystalline  platelets  grown  using  the  Bridgman 
method;  InP:  Zn  and  Sn  doped  material  from 
MCP  Electronic  Materials  Ltd.;  InSb:  Cd-doped, 
and  Si;  Sb-doped,  both  from  Wacker  Chemie) 
were  attached  to  the  cold  tip  of  a  He  conti¬ 
nuous-flow  cryostat  allowing  temperatures  be¬ 
tween  20  and  400  K.  The  external  magnetic  field 
of  1.6  T  was  applied  perpendicular  to  the  ion 
beam  direction  in  a  conventional  magnet  setup. 

An  example  of  the  observed  modulation  spec¬ 
tra  is  presented  in  Fig.  1  for  Sc  in  ZnS,  where  the 
modulation  is  shown  as  time  spectrum  and  its 
Fourier  transform  as  frequency  spectrum. 

From  modulation  spectra  like  the  one  shown, 
the  following  information  can  be  extracted; 

(i)  The  modulation  frequency  :  Deviations  from  the 
pure  Larmor  frequency  in  the  external  magnetic 
field  indicate  paramagnetic  contributions  either 
from  neighboring  ions  or  from  the  own  electronic 
magnetic  moment  in  which  case  the  temperature 
dependence  may  be  Curie-like,  i.e.  inverse  pro¬ 
portional  to  the  temperature. 

(ii)  The  amplitude  of  the  modulation:  This  is  a 
measure  for  the  fraction  of  probe  atoms  in  a 
specific  configuration.  The  maximum  amplitude 
is  given  by  the  nuclear  parameters,  it  is  experi¬ 
mentally  measured  typically  in  a  metallic  host  in 
which  the  probe  atoms  occupy  substitutional  sites 
with  negligible  defect  concentration  nearby. 

(iii)  The  damping  of  the  modulation:  Defects  in 
the  neighborhood  of  the  probe  atom  can  result  in 
deviations  from  the  crystal  symmetry  and  yield 
quadrupole  interactions  superimposed  to  the 
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magnetic  interaction.  The  damping  constant  is  a 
measure  for  the  mean  quadrupole  coupling  con¬ 
stant  resulting  from  different  unresolved  nearby 
defects. 

In  the  II-VI  compounds  ZnO,  ZnS,  ZnSe, 
ZnTe,  and  CdTe  as  well  as  in  the  III-V  semicon¬ 
ductors  InP,  InSb  and  in  silicon,  the  recoil-im¬ 
planted  isolated  scandium  ion  exhibits  a  nonmag¬ 
netic  configuration  in  the  temperature  range  from 
77  to  300  K.  The  frequency  of  the  modulation 
observed  in  all  these  cases  equals  the  Larmor 
frequency  in  the  external  magnetic  field  within 
the  limits  of  accuracy.  Only  one  unique  fraction 
of  scandium  ions  was  observed  which  amounted 
to  almost  all  recoil-implanted  scandium  ions. 
However,  differences  were  found  in  the  damping 
of  the  modulation  in  the  different  compounds. 

Although  the  damping  is  not  such  a  character¬ 
istic  quantity  as  the  frequency,  certain  trends 
were  found  independent  of  the  model  with  which 
the  damping  is  described.  The  damping  is  weaker 
in  the  II-VI  compounds  as  compared  with  the 
III-V  compounds  and  the  elemental  semiconduc¬ 
tor  Si.  For  both  types  of  compound  semiconduc¬ 
tors,  it  seems  to  correlate  with  the  lattice  con¬ 
stants:  compounds  with  larger  lattice  constants 
show  smaller  damping. 


3.  Discussion 

The  most  simple  explanation  for  the  diamag¬ 
netic  behavior  of  nearly  all  the  recoil-implanted 
Sc  ions  is  that  the  Sc  ions  adopt  the  3^  charge 
state  with  an  empty  d-shell  which  corresponds  to 
their  regular  chemical  valency.  This  would  imply 
either  that  an  electron  capture  process  as  argued 
for  Fe  and  Ni  does  not  occur  for  Sc  in  the 
systems  studied,  or  that  the  captured  electron 
does  not  occupy  a  magnetic  d-like  state.  This  is 
not  in  contradiction  to  the  earlier  EPR  experi¬ 
ments  [2,3]  by  which  the  2*  state  was  detected 
after  optical  excitation;  in  our  experiment  the 
population  has  to  occur  at  the  end  of  the 
slowing-down  process  of  the  recoiling  ion  or 
within  nanoseconds  thereafter. 


From  the  observed  damping  of  the  modula¬ 
tions,  additional  information  can  be  extracted. 
Since  no  magnetic  configurations  are  being  in¬ 
volved,  paramagnetic  relaxation  caused  by  spin 
fluctuations  can  be  ruled  out  as  the  damping 
mechanism.  The  dipole-dipole  interactions  with 
adjacent  nuclear  spins  are  much  too  small  to 
explain  the  measured  damping  of  the  modulation. 
However,  the  observed  correlation  with  the  lat¬ 
tice  constant  implies  that  we  rather  have  to  as¬ 
sume  an  additional  electric  quadrupole  interac¬ 
tion  superimposed  to  the  interaction  with  the 
external  magnetic  field.  The  electric  field  gradi¬ 
ents  yielding  the  quadrupole  interaction  result 
from  deviations  from  the  cubic  symmetry  in  the 
vicinity  of  the  Sc  probe  ion  due  to  defects  pro¬ 
duced  in  the  slowing-down  process.  The  variation 
of  the  electric  field  gradient  with  r~^  in  general 
explains  easily  the  observed  correlation  of  the 
damping  of  the  modulation  with  the  lattice  con¬ 
stant  within  one  class  of  compounds.  The  damp¬ 
ing  is  not  very  characteristic  of  a  specific  type  of 
defect,  but  rather  the  result  of  various  defect 
configurations  and  orientations.  Although  nearby 
defects,  leading  to  impurity-defect  pairs,  e.g.  the 
A-center  with  the  trivalent  In  impurity  [4],  yield 
large  well-defined  quadrupole  interactions,  their 
formation  probability  under  non-equilibrium  con¬ 
ditions  is  very  small  compared  to  defects  further 
away  from  the  probe  atom. 

Finally,  we  want  to  point  out  that  the  generally 
smaller  damping  strength  in  the  II-VI  com¬ 
pounds  reflects  the  higher  stability  against  defect 
formation  as  compared  to  IIl-V  compounds  and 
silicon. 
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Abstract 

To  study  the  nature  of  the  absorption  bands  in  Zn,_,Co^S  single  crystals,  optical  absorption  measurements  were 
made  on  samples  with  cobalt  composition  x  =  0.03  and  0.05  as  a  function  of  temperature  in  the  wavelength  region 
between  400  and  3000  nm.  Each  spectrum  showed  three  well-defined  absorption  bands  below  the  fundamental 
absorption  gap,  corresponding  to  transitions  from  the  fundamental  "'A.C'F)  ground  state  to  the  ‘'TiC’F),  ‘‘T.C'F)  and 
'*T,(P)  excited  states.  Besides  these  main  bands,  the  infrared  region  has  a  series  of  small  peaks.  In  the  visible  region, 
just  below  the  onset  of  the  band  edge,  there  is  a  well-defined  structure  related  to  electronic  transitions  from  the  3d 
shell  of  the  cobalt  ion. 


1.  Introduction 

The  optical  properties  of  diluted  magnetic 
semiconductors  (DMSs)  have  received  much  at¬ 
tention  in  the  past  few  years.  Most  of  the  re¬ 
search  done  was  concentrated  on  manganese- 
based  II-VI  compounds  [1-4].  Lately,  good  sin¬ 
gle  crystals  have  been  prepared  with  different 
transition  elements  such  as  Zn,  .^(To^S  [5],  where 
the  divalent  cobalt  ion  randomly  replaces  the 
divalent  zinc  ion.  In  this  work  an  optical  absorp¬ 
tion  study  is  presented  for  two  different  concen¬ 
trations,  U.03  and  0.05.  This  study  was  carried  out 
at  different  temperatures  in  the  visible  and  near- 
infrared  regions.  Besides  the  three  main  absorp¬ 
tion  bands  due  to  the  presence  of  the  transition 
element  and  a  fine  structure  in  the  high-energy 
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region  of  the  ''TjfF)  band,  there  are  two  smaller 
bands  in  the  visible  region  of  the  spectrum.  The 
spectra  shown  here  have  better  resolution  than 
previously  published  data  [6,7]. 


2.  Experimental  procedure  and  results 

The  samples  used  in  this  work  were  prepared 
by  chemical  transport  with  nominal  cobalt  con¬ 
centrations  of  X  =  0.03  and  0.05.  Details  of  the 
growth  procedure  are  given  elsewhere  [5].  The 
absorption  spectra  were  taken  on  samples  lapped 
to  the  appropriate  thickness  for  wavelengths  be¬ 
tween  4(X)  and  3000  nm  and  temperatures  be¬ 
tween  50  and  300  K,  using  a  Cary  17  spectrome¬ 
ter  and  an  Air  Products  Closed  (Tyde  system.  At 
wavelengths  below  6(X)  nm,  the  absorption  spec¬ 
tra  for  the  two  samples  show  essentially  the  same 
features  as  can  be  seen  in  Fig.  1,  while  in  the 
visible  region  the  band  localized  at  474  nm  (2.612 
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eV)  is  absent  for  the  sample  with  5%  cobalt 
concentration,  as  can  be  seen  in  Fig.  2b. 


3.  Discussion 

In  the  past,  the  absorption  spectra  of  Co^^  ion 
in  ZnS  have  been  interpreted  considering  crystal 
field  theory,  the  Racah  parameter,  and  spin-orbit 
coupling  [6].  A  free  Co^^  ion  has  3d’  configura¬ 
tion  and  ■'F,  “P,  ’G,  ’H’P,  ’D„,,  and  ’F  energy 
levels.  When  the  cobalt  ion  is  placed  in  the  tetra¬ 
hedral  crystal  field  of  ZnS,  the  ‘‘F  level  splits  in  a 
^AjfF)  singlet  ground  state  and  in  two  higher 
lying  orbital  triplets  ‘‘T2(F)  and  ''T,(F)  [5,6].  When 
the  spin-orbit  interaction  is  taken  into  account, 
the  levels  are  split  further,  as  shown  in  Fig.  3. 
The  energy  position  of  the  different  levels  of  the 
cobalt  ion  within  the  ZnS  crystal  have  been  calcu¬ 
lated  by  Fazzio  et  al.  [8]. 

The  three  main  bands  are  identified  as  the 
internal  transitions  due  to  the  cobalt  ion  from  the 


Fig.  2.  Visible  portion  of  the  spectra  of  Zn|_,Co^S  single 
crystal  for  (a)  x  =  0.03  and  (b)  x  =  0.05.  For  clarity  only  data 
for  two  different  temperatures  are  shown. 


Fig.  1.  Absorption  spectra  of  Zn,  _,Co,S  single  crystals  for  x  —  0.03  and  x  =  0.05.  The  spectrum  for  x  =  0,05  at  r=  50  K  is  only 
partially  shown.  Each  spectrum  has  been  displaced  vertically  for  clarity. 
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ground  state  to  the  excited  states,  as  shown  in 
Fig.  1.  This  identification  agrees  with  other  exper¬ 
imental  and  theoretical  results  [6,8].  Further¬ 
more,  this  is  supported  by  the  fact  that  the  posi¬ 
tions  of  the  bands  are  temperature-  and  concen¬ 
tration-independent  [4].  In  the  following,  each 
band  will  be  discussed. 

3.1.  %(F)  band 

The  absorption  band  from  the  ground  state 
‘‘AjfF)  to  the  first  excited  state  “TjfF)  is  centered 
around  0.457  eV  with  a  half-width  that  goes  from 
0.180  eV  for  jr  =  0.03  to  0.260  eV  for  jc  =  0.05. 
On  the  high-energy  side  of  this  band  there  are  a 
series  of  lines;  the  position  and  identification  of 
the  main  lines  are  given  in  Table  1.  The  assign¬ 
ment  of  these  lines  was  made  following  the  argu¬ 
ments  given  in  refs.  [6,9]  and  with  the  aid  of  Fig. 
3.  Table  1  also  includes  the  narrow  and  intense 
line  (label  I)  observed  on  the  low-energy  side  of 
this  band,  and  is  attributed  to  a  zero  phonon  line 
(ZPL)  as  in  ref.  [9].  The  identification  of  the 
remaining  lines  of  the  structure  is  in  progress. 


Table  1 

Energy  position  of  the  structure  observed  on  the  wings  of  the 
''A2(F)->''T2(F)  absorption  band  of  Co’*;  see  Fig.  2  for 
identification  of  the  A,  B  and  C  transitions 


No. 

Energy 

(ev) 

Assignment 

1 

0.4380 

A 

1 

0.4670 

B 

2 

0.4760 

TOf^l 

3 

0.4810 

LCKa^) 

4 

0.4860 

C 

5 

0.4930  “ 

TOfil  +  TACj)" 

6 

0.5 1, '>0 

2TO(.r) 

7 

0.5220 

TCKjcI  +  LOCx)*^^ 

“  Seen  below  100  K. 
'’TA(jt)=90cm-'  19], 
^  Absent  for  x  =  0.05. 


eV  for  X  =  0.03  and  50  K  to  0.46  eV  for  the 
higher  concentration  of  x  =  0.05  at  RT.  This  band 
does  not  present  any  appreciable  structure  as  in 
the  case  of  more  diluted  samples  [6.9].  The  two 
samples  studied  gave  a  similar  band. 

3.3.  %(P)  band 


3.2.  *T,(F)  band 

The  absorption  band  originating  from  the 
“'AjfF)  to  the  ‘‘T,  excited  state  is  centered  at 
0.827  eV  having  a  half-width  that  goes  from  0.25 


- Ei/2 

{3/2UI) 

- G 

> —  E  3/2 

V —  G 

(-3/21  V|) 

^  £5/2 

(9/4l>‘l) 

- G 

t*3/2lk.) 

- E  1/2 

-  E9/2 

(3^1  >1) 

- G 

(1/21  >>1) 

y —  E  1/2 

N -  Q 

(-3/41  >.1) 

Fig.  3.  Energy  level  diagram  for  Co^*  ion  in  a  tetrahedral 
ciystal  field  (after  ref.  [6]).  The  lines  A,  B  and  C  indicate 
transitions  in  the  infrared  region. 


This  band  corresponds  to  a  transition  from  the 
ground  state  ‘’A  2(F)  to  the  first  excited  state 
■'TjfP),  and  is  centered  around  1.77  eV.  Its  half¬ 
width,  as  in  the  previous  cases,  depends  on  tem¬ 
perature  and  concentration  going  from  0.25  eV 
for  X  =  0.03  at  58  K  to  0.41  eV  for  x  =  0.05  at 
RT.  The  structure  observed  on  the  low-energy 
side  of  this  band  may  be  attributed  [6,8]  to  transi¬ 
tions  from  the  ground  state  to  doublet  states  as 
follows:  the  small  peak  at  1.49  eV  to  the  the 
shoulder  at  1.58  eV  to  the  ^T,  and  the  line  at 
1.63  eV  to  the  "A,  state.  The  first  two  peaks  are 
only  observed  at  low  temperatures  and  for  the 
lower  concentration. 

3.4.  Visible  band 

The  visible  region  of  the  spectra  is  shown  in 
Fig.  3  for  the  two  concentrations  under  study  at 
two  different  temperatures.  This  part  of  the  spec¬ 
tra  shows  two  bands  of  interest.  The  first  band 
has  one  sharp  peak  located  at  2.129  eV  and  a 
weak  shoulder  at  2.217  eV.  The  intensity  and  the 
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line  width  of  this  band  decrease  and  become 
broader  as  the  temperature  and  the  concentra¬ 
tion  X  increase.  The  first  line  has  been  attributed 
by  Dreyhsig  et  al.  [7]  to  a  transition  from  the 
ground  state  to  a  ^T,  or  a  or  a  mbcture  of 
both.  Following  Noras  et  al.,  tnis  structure  may 
be  attributed  to  a  ZPL  and  its  phonon  replica 
[10].  The  second  band  is  only  observed  for  the 
sample  with  0.03  cobalt  concentration  and  shows 
a  small  shoulder  at  2.582  eV  and  a  sharp  line  at 
2.612  eV.  This  structure  is  located  in  the  rising 
tail  of  the  fundamental  absorption  band  edge  and 
has  been  observed  and  identified  previously  [7,10]. 

Using  straight  extrapolation  in  Figs.  2a  and  2b, 
it  is  easy  to  see  that  the  absorption  edge  value 
shifts  towards  lower  energy  as  the  cobalt  concen¬ 
tration  increases.  This  shift  is  the  reason  for  not 
seeing  the  lines  at  high  energy  in  the  sample  with 
X  =  0.05  cobalt  concentration. 

Finally,  it  is  worth  mentioning  that  the  half¬ 
width  increase  of  each  absorption  band  as  the 
temperature  increases  may  be  due  to  the  pertur¬ 
bations  introduced  by  the  vibrational  lattice  ef¬ 
fect. 


5.  Conclusions 

In  the  present  work,  the  positions  of  the  3d’ 
internal  transitions  due  to  the  cobalt  ion  in  the 
DMS  Zn|_^Co,S  were  obtained  with  good  reso¬ 
lution  for  all  the  bands.  The  phonon-related  fine 
structures  on  the  low-energy  side  of  the  spectra 


were  obtained  for  both  concentrations  even  at 
room  temperature.  The  two  samples  show  essen¬ 
tially  the  same  features,  except  for  the  band 
located  in  the  tail  of  the  fundamental  absorption 
edge,  which  is  present  only  for  the  sample  with 
0.03  cobalt  concentration. 
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Abstract 

Electron  beam  induced  current  (EBIC)  measurements  have  been  applied  to  shallow-angle  bevelled  sections 
through  Cd,Hgi_^Te  (CMT)  epitaxial  layers  containing  p-n  junctions.  Samples  studied  include  (a)  fully  doped 
homo-  and  heterostructures  grown  by  metalorganic  vapour  phase  epitaxy  (MOVPE)  and  (b)  vacancy-doped  CMT 
layers  grown  by  MOVPE  or  liquid-phase  epitaxy  (LPE)  where  the  junction  has  been  formed  by  ion-beam  milling  or 
Hg  in-diffusion  from  a  surface  oxide  layer.  The  bevelled  seetions  were  formed  by  chemical  etching  and  profiles  of 
the  bevel  surfaces  were  measured  to  enable  accurate  junction  positions  to  be  obtained.  For  grown  junctions, 
chemical  dopant  profiles  determined  by  secondary-ion  mass  spectrometry  (SIMS)  and  the  position  of  the  electrical 
junction,  fro*^  i  Hall  and  strip  depth  profiling,  agree  with  the  position  of  the  electrical  junction  revealed  by  EBIC 
studies.  For  junctions  formed  in  MOVPE  samples  by  Hg  in-diffusion  from  a  surface  oxide,  EBIC  reveals  contrast 
consistent  with  interspersed  p  and  n  regions.  These  observations  can  be  explained  by  uneven  Hg  diffusion  including 
fast  diffusion  down  defects  producing  n-type  channels  within  a  p-type  matrix.  This  effect  was  not  observed  in 
MOVPE  samples  with  doped  or  ion  beam  milled  junctions  or  LPE  samples  with  diffused  junctions,  highlighting  the 
difference  between  the  microstructure  of  MOVPE  and  LPE  CMT.  EBIC  assessment  can  provide  an  indication  of 
the  likely  performance  of  test  devices. 


1.  Introduction 

Cd^Hg,  _^Te  photovoltaic  devices  can  be  made 
using  a  variety  of  junction  formation  techniques. 
Broadly,  these  techniques  fall  into  the  categories 
of  Hg-diffusion  f  1  -4],  impurity-diffusion  [5],  dop¬ 
ing  [6-8]  or  ion  implantation  methods  [9-11], 
The  Te-rich  liquid  phase  epitaxy  (LPE)  CMT 
growth  procedure  used  in  this  laboratory  [12] 


*  Corresponding  author. 


precludes  doping  with  the  acceptors  As  or  Sb.  Hg 
in-diffusion  is  used  most  commonly  for  junction 
formation  in  LPE  material  [1,3].  In  contrast,  met¬ 
alorganic  vapour  phase  epitaxy  (MOVPE)  has 
been  used  to  prepare  extrinsically  doped  struc¬ 
tures  with  well-controlled,  sharp  dopant  junc¬ 
tions.  Both  donor  and  acceptor  doping  can  be 
achieved  readily  during  MOVPE  growth  [7,13.14], 
Assessment  of  homo-  or  heterojunction  struc¬ 
tures  requires  reliable  techniques  for  the  mea¬ 
surement  of  electrical  properties.  Electrical  junc¬ 
tion  positions  can  be  determined  by  Hall/strip 
techniques  or,  for  doped  grown  junctions,  sec- 
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ondary  ion  mass  spectrometry  (SIMS)  can  pro¬ 
vide  dopant  profiles,  which  should  agree  with  the 
electrical  junction  position  [15].  The  electron 
beam  induced  current  (EBIC)  imaging  technique 
in  the  scanning  electron  microscope  (SEM)  can 
be  used  to  observe  charge  depletion  regions  and 
electrically  active  defects  in  semiconductor  mate¬ 
rials.  EBIC  allows  p-n  junctions  to  be  easily 
located  and  imaged  and  is  useful  as  an  aid  to 
device  characterisation. 

EBIC  has  been  widely  applied  to  silicon  and 
other  semiconductor  materials  [16-18].  In  com¬ 
parison,  relatively  few  EBIC  studies  of  CMT  ma¬ 
terial  and  device  structures  have  been  published 
[19-23].  Recently,  we  reported  the  application  of 
EBIC  to  shallow-angle  bevelled  sections  through 
doped  MOVPE  CMT  layered  structures  [15].  In 
the  work  reported  here,  this  method  was  used  to 
characterize  electrical  behaviour  in  doped 
MOVPE  layers  and  to  study  junctions  formed  by 
Hg  in-diffusion  in  LPE  and  MOVPE  material. 
Interesting  aspects  of  the  EBIC  assessment  tech¬ 
nique  applied  to  a  number  of  samples  are  high¬ 
lighted  and  discussed. 


2.  Experiment 

Doped  homo-  and  heterostructures  of  CMT 
were  grown  in  a  horizontal,  atmospheric  pressure 
MOVPE  reactor  at  360°C  using  the  interdiffused 
multilayer  process  [24].  The  layers  were  given  an 
open  tube  200°C  isothermal  Hg  anneal  to  elimi¬ 
nate  metal  vacancies.  LPE  layers  were  grown  at 
500°C  from  a  Te-rich  solution  using  a  horizontal 
sliding-boat  system.  Samples  were  annealed  after 
growth  to  vacancy  concentrations  in  the  range  4 
to  6  X  10*'’  cm“\ 

On-substrate  samples  were  obtained  by  cleav¬ 
ing  pieces  of  the  appropriate  size  from  an  LPE  or 
MOVPE  slice.  Monolithic  (i.e.  off-substrate)  sam¬ 
ples  were  prepared  by  waxing  the  sample,  CMT 
surface  down,  onto  a  clean  sapphire  carrier  and 
removing  the  substrate  using  a  selective  etch. 
Monoliths  (thickness  8-11  jum)  were  defined  in 
the  CMT  layer,  etched  out  and  mounted  individ¬ 
ually  onto  sapphire  carriers  for  handling  conve¬ 
nience. 


For  vacancy-doped  samples,  in-diffusion  of  Hg 
is  employed  for  type-conversion  of  CMT  by  re¬ 
duction  of  Hg  vacancies,  using  one  of  two  means. 
In  the  first  case,  CMT  samples  were  ion  beam 
milled  using  a  neutralized  argon  ion  beam  with 
junction  depth  determined  by  the  milling  time 
and  the  p-type  carrier  concentration  (vacancy 
concentration).  The  second  approach,  developed 
by  Jenner  and  Blackman  [3],  involves  the  forma¬ 
tion  of  an  anodic  oxide  on  the  CMT  surface 
which  acts  as  a  source  of  free  Hg  during  a  subse¬ 
quent  heat  treatment.  Samples  were  anodized, 
and  then  heated  in  air  at  180°C,  in  order  to 
type-convert  the  CMT  surface  to  a  depth  of  ~  5 
^m.  The  anneal  time  required  for  conversion  to 
this  depth  is  dependent  on  the  vacancy  concen¬ 
tration.  Finally,  the  anodic  oxide  was  removed  by 
etching  in  a  weak  HBr  solution. 

Bevelled  sections  in  small  samples  of  CMT 
(e.g.,  4  X  10  mm)  were  prepared  using  a  tech¬ 
nique  based  on  work  by  Huber  and  Grattepain 
[25].  The  method,  in  which  low  angle  bevels  were 
formed  by  controlled  immersion  in  an  etchant, 
has  been  described  previously  [15].  Where  re¬ 
quired,  profiles  of  chemically  etched  bevels  were 
measured  using  a  profilometer.  Bevelled  samples 
were  contacted  and  mounted  on  an  EBIC  sample 
holder  (see  ref.  [15]),  before  loading  onto  a  cryo- 
genically  cooled  (77  K)  stage,  located  in  a  JEOL 
SEM  specimen  chamber.  In  most  cases,  a  25  keV 
incident  electron  beam  was  used  with  the  mini¬ 
mum  current  necessary  to  observe  a  good  EBIC 
signal.  The  junction  position  with  respect  to  the 
indium  contacts  was  obtained  by  overlaying  the 
EBIC  line  scan  image  on  a  SEM  picture  of  the 
surface.  From  this,  the  lateral  distance  of  the 
junction  along  the  bevel  from  the  intersection  of 
the  CMT/CdTe  interface  with  the  bevelled  sur¬ 
face  can  be  determined  and  given  the  bevel  slope, 
the  vertical  distance  of  the  electrical  junction 
from  the  CMT/CdTe  interface  can  be  obtained. 

For  some  on-substrate  samples,  the  EBIC 
measurement  of  junction  position  was  compared 
with  the  results  of  electrical  profiling  and,  for 
doped  grown  junctions,  with  the  results  of  chemi¬ 
cal  profiling.  Electrical  profiles  were  obtained 
from  differential  analysis  of  successive  77  K  Hall 
measurements  on  etch-thinned  samples.  Chemi- 
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cal  dopant  profiles  were  measured  by  SIMS  using 
a  12  keV  oxygen  primary  ion  beam  for  arsenic 
(via  the  AsO^  species,  detection  limit  ~  10'* 
atoms  cm“*)  and  an  argon  primary  ion  beam  was 
used  for  the  iodine  profile  (via  the  P  species). 
The  dopant  junction  position  can  be  deduced 
from  the  sharp  change  in  dopant  concentrations. 


3.  Results 

3. 1.  Interpretation  of  the  EBIC  signal  and  determi¬ 
nation  of  junction  position 

Electron/hole  pairs  are  generated  by  the  inci¬ 
dent  electron  beam  and  are  separated  and  col¬ 
lected  by  the  electric  field  of  a  p-n  junction  (or 
Schottky  barrier)  within  a  range  determined  by 
the  minority  carrier  diffusion  properties.  EBIC 
contrast  occurs  where  there  is  variation  in  the 
generation  or  recombination  of  electron/hole 
pairs  within  diffusion  range  of  the  junction.  The 
application  of  EBIC  to  a  bevelled  section  pro¬ 
vides  a  direct  means  of  viewing  the  p-n  junction 
and  electrically  active  defects  within  the  layer. 
However,  as  a  result  of  the  sample  geometry, 
careful  interpretation  of  the  EBIC  signal  is  neces¬ 
sary. 

When  the  electron  beam  impinges  on  the  bevel 
surface,  excess  carriers  are  generated  in  a  charac¬ 
teristic  “tear-drop”  shaped  generation  region  be¬ 
low  the  surface.  The  shape,  size,  penetration 
depth  and  the  distribution  of  carriers  associated 
with  the  “generation  volume”  will  be  functions  of 
the  material  and  the  incident  electron  beam  en¬ 
ergy.  A  representation  of  the  generation  volume 
and  variation  of  carrier  density  with  depth  is 
shown  in  Fig.  1.  An  EBIC  signal  is  obtained  when 
excess  carriers  arrive  at  the  depletion  layer  and 
are  collected  at  the  junction.  Below  the  junction, 
an  EBIC  signal  can  arise  only  from  long  lateral 
diffusion,  which  will  depend  upon  the  character¬ 
istic  diffusion  length  of  the  material.  Further  up 
the  bevel,  carriers  begin  to  diffuse  to  the  deple¬ 
tion  layer  giving  an  EBIC  signal  and  eventually 
the  generation  volume  overlaps  directly  with  the 
depletion  layer.  The  maximum  signal  will  arise 
when  the  overlap  is  such  that  the  maximum  num- 


VARiATIOM  »N  CARMER  DENSITY  WITH 
ELECTRON  REAM  PENETRATION  DEPTH 


Fig.  I.  EBIC  line  scan  signal  from  bevel  section  through 
doped  MOVPE-grown  p“n^  heterostructure  VG  239.  re¬ 
lated  to  the  carrier  generation  volume  at  various  points  along 
the  bevel  section.  The  shaded  regions  represent  the  genera¬ 
tion  volume  and  the  variation  in  carrier  density  with  electron 
beam  penetration  depth. 


ber  of  carriers  are  collected  at  the  junction.  Be¬ 
yond  the  junction,  the  signal  decays  slowly  as  the 
overlap  of  the  generation  volume  with  the  deple¬ 
tion  layer  decreases.  After  direct  overlap  has 
ceased,  an  EBIC  signal  may  continue  as  a  result 
of  vertical  carrier  diffusion.  If  diffusion  lengths 
are  short,  the  EBIC  signal  will  be  relatively  nar¬ 
row  and  result  almost  completely  from  direct 
overlap.  A  typical  EBIC  signal  observed  in  a 
p“n''^  heterojunction  (low  arsenic,  low  x:  high 
iodine,  high  x),  sample  VG  239,  is  shown  in  Fig. 
1.  The  junction  position  corresponds  to  the  point 
at  which  the  slope  of  the  signal  increases  sharply 
due  to  the  onset  of  direct  overlap  of  the  carrier 
generation  volume  with  the  depletion  layer. 

3.2.  Doped  junctions 

The  EBIC  image  of  a  bevelled  pp“n^  het- 
ero.structure  (high  arsenic,  high  x;  Tow  arsenic, 
low  x;  high  iodine,  low  jr),  sample  VG  244,  is 
shown  as  a  photomontage  in  Fig.  2.  The  p~n* 
junction  is  revealed  clearly  and  a  weak  signal 
from  the  pp"  junction  can  also  be  seen.  The 
EBIC  signa^l  from  the  latter  occurs  where  a  change 
in  carrier  concentration  and  a  change  in  x  coin¬ 
cide.  In  other  cases,  a  change  in  x  or  in  p-type 
carrier  concentration  alone  has  not  given  rise  to 
an  EBIC  signal.  Scratches  from  handling  damage 
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p  ’’  200  p'  n 


Fig.  2.  EBIC  picture  from  bevel  section  through  doped 
MOVPE-grown  p'^p'n^  heterostructure  VG  244,  showing 
faint  signal  fromlhe  p^  p~  junction  (electron  beam  energy  25 
keV). 


image.  At  onset,  the  EBIC  signal  rises  sharply, 
corresponding  to  the  actual  junction  position  on 
the  bevel  surface.  The  EBIC  signal  tails  off  rather 
more  slowly,  a  function  of  both  bevel/ junction 
geometry  and  longer  diffusion  length  on  the  n- 
type  side  of  the  junction.  The  dark  region  in  the 
EBIC  tail  corresponds  to  an  electrically  active 
scratch,  which  was  also  visible  on  the  SEM  image. 
A  slight  change  in  slope  of  the  EBIC  signal 
occurs  in  the  tail  region  and  this  corresponds  to  a 
change  in  the  iodine  dopant  level,  seen  in  the 
SIMS  depth  profile. 


are  often  electrically  active  and  one  is  evident  in 
the  lower  central  part  of  the  EBIC  picture. 

Junction  positions  determined  from  the  EBIC 
study  of  four  doped  MOVPE  layered  structures 
are  compared  with  Hall/strip  results  and  SIMS 
chemical  dopant  profiles  [7]  in  Table  1.  The  EBIC 
results  and  SIMS  dopant  profiles  show  good 
agreement,  within  error  limits  of  the  techniques. 
In  most  cases,  the  Hall/strip  results  indicate 
shallower  junctions  than  those  of  the  other  meth¬ 
ods.  In  junction  depth  studies,  the  resolution  of 
the  Hall/strip  method  depends  on  the  thick¬ 
nesses  of  etched  portions  removed  in  successive 
stripping  steps.  The  narrowest  EBIC  signal  ob¬ 
served  was  for  a  sample  VG  732,  implying  short 
diffusion  lengths.  From  the  signal  width  and  the 
measured  bevel  slope,  the  penetration  depth  of  a 
25  keV  electron  beam  was  calculated  to  be  ^  1.3 
/xm,  less  than  reported  in  the  literature  [16]. 

Fig.  3  shows  the  EBIC  signal  from  a  fully 
doped  pn  heterojunction,  sample  VG  735.  A  sin¬ 
gle  EBIC  line  scan  is  shown  superimposed  on  this 


Table  1 

Comparison  of  junction  po.sitions,  (distance  from  buffer 
layer,  ^m)  in  doped  MOVPE  layered  structures 


Sample 

Junction 

type 

Hall/strip 

(±0.5) 

SIMS 

(±0.4) 

EBIC 

(±0.4) 

VG  244 

B*  P 

5.2 

5.7  (±0.7) 

As  profile  only 

5.6 

P  n* 

11.4 

11.9 

12.3 

VG  7.44 

P  n' 

8.7 

8.6 

8.5 

VG  7.45 

PD 

8.0 

«.4 

8.3 

VG  7.47 

P  n 

14.0 

14.4 

14.5 

J.J.  Diffused  junctions 

In  general,  EBIC  images  of  the  diffused  junc¬ 
tions,  such  as  those  described  below,  show  a  less 
distinct  signal  onset  than  for  the  doped  junctions 
described  above.  Figs.  4a  and  4b  show  the  EBIC 
signals  from  monoliths  ( ~  10  /xm  thick)  of  LPE 
and  MOVPE  CMT  (samples  LZ  1295  and  VG 
683)  with  junctions  formed  via  Hg  in-diffusion 
from  an  anodic  oxide  on  the  surface.  For  sample 
LZ  1295  (Fig.  4a),  the  junction  has  a  slightly 


Fig.  3.  EBIC  picture  from  bevel  section  through  doped 
MOVPE-grown  pn  heterojunction  VG  735,  with  EBIC  single 
line  scan  superimposed  (15  keV).  Note  that  the  sample  is 
connected  to  EBIC  amplifier  with  opposite  polarity  compared 
to  sample  in  previous  figure. 


M.P.  Hastings  et  at.  /Journal  of  Crystal  Growth  138  ( 1994)  91 7-923 


921 


p  100  |im  mmm  n 


p  0.5  mm  n 


Fig.  4.  EBIC  pictures  from  bevel  sections  through  samples 
with  diffused  pn  junctions:  (a)  monolith  of  LPE  CMT  with 
junction  formed  by  Hg  in-diffusion  from  anodic  oxide  (25 
keV);  (b)  monolith  of  MOVPE  CMT  with  junction  formed  by 
Hg  in-diffusion  from  anodic  oxide  (30  keV);  (c)  on-substrate 
MOVPE  CMT  layer  with  junction  formed  by  Hg  in-diffusion 
from  anodic  oxide  <25  keV):  (d)  on-subsirate  MOVPE  CMT 
layer  with  junction  formed  by  ion  beam  milling  (30  keV). 


ragged  appearance  at  the  leading  edge,  probably 
as  a  result  of  uneven  in-diffusion  of  the  Hg.  The 
curved  junction  shape  is  a  result  of  the  junction 
“plane”  intersecting  the  rounded  surface  of  the 
bevel  etched  monolith.  Diffusion  length  in  the 
n-type  region  of  this  layer  appears  to  be  relatively 
long.  The  EBIC  image  of  sample  VG  683  reveals 
a  narrow  junction  signal  with  additional  EBIC 
contrast  either  side  of  the  junction.  This  mottled, 
highly  contrasting  EBIC  structure  arises  from 
electrically  active  features,  probably  consisting  of 
interspersed  p  and  n  regions  over  the  entire  sam¬ 
ple  surface.  This  result  is  typical  of  MOVPE 
monolith  samples  in  which  a  p-n  junction  has 
been  formed  by  in-diffusion  of  Hg  from  an  anodic 
oxide.  Fig.  4c  shows  the  EBIC  image  from  an 
on-substrate  MOVPE  sample  VG  736.  A  similar 
EBIC  signal  to  that  in  Fig.  4b  can  be  seen,  but 
with  reduced  contrast.  This  effect  was  not  ob¬ 
served  for  MOVPE  samples  with  grown  junctions 
or  for  diffused  junctions  in  LPE  CMT.  These 
observations  are  consistent  with  highly  uneven 
Hg  diffusion  from  the  anodic  oxide  in  MOVPE 
samples,  possibly  including  fast  diffusion  down 
defects  to  give  a  ragged  p-n  junction  and  n-type 
channels  within  the  p-type  matrix.  This  indicates 
a  difference  in  microstructure  for  MOVPE  and 
LPE  CMT. 

For  the  on-substrate  MOVPE  sample  VG  761, 
shown  in  Fig.  4d,  the  junction  was  formed  by  ion 
beam  milling.  EBIC  signal  onset  is  slightly  ragged 
but  the  junction  signal  is  relatively  intense.  The 
less  mottled  appearance  of  this  sample  may  imply 
that  the  diffusion  process  associated  with  the  ion 
beam  mill,  at  relatively  low  temperature,  has  a 
different  mechanism  from  that  of  Hg  in-diffusion 
at  ISOX. 

3.4.  Correlation  with  device  results 

A  qualitative  correlation  of  EBIC  signals  ob¬ 
tained  from  bevelled  samples  with  diode  results 
from  test  arrays  has  been  attempted.  Doped 
MOVPE  layers  have  been  fabricated  into  mesa 
diode  test  structures  and  for  undoped  MOVPE 
or  LPE  layers  with  diffused  junctions,  loophole 
[26]  or  planar  geometry  test  arrays  have  been 
prepared.  The  l-R-V  characteristics  of  these 
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arrays  were  measured  at  77  K.  Doped  MOVPE 
sample  VG  244  and  LPE  sample  LZ  1295  with  a 
diffused  junction  both  showed  strong  EBIC  sig¬ 
nals  with  a  sharp  signal  onset  and  good  diode 
characteristics.  In  other  cases,  no  EBIC  signal  or 
a  faint  EBIC  signal  correlated  with  very  poor 
diode  characteristics.  Usually,  a  strong  EBIC  sig¬ 
nal  is  an  indicator  of  good  diode  performance. 


4.  Conclusions 

Shallow-angle  bevelled  sections  through  CMT 
epitaxial  layers  containing  p-n  junctions  have  been 
studied  using  the  EBIC  technique.  Electrical  con¬ 
tacting  to  the  bevelled  structures  is  relatively 
straightforward  compared  to  a  cleaved  section 
and  good  EBIC  signals  have  been  recorded  for 
doped  and  diffused  junction  samples  investigated 
in  this  study.  In  the  case  of  doped  on-substrate 
samples,  the  position  of  the  EBIC  signal  has  been 
used  to  measure  junction  positions  and  results 
agree  well  with  dopant  and  electrical  junctions 
determined  by  SIMS  dopant  profiling  and 
Hall/strip  measurements.  In  general,  changes  in 
either  x  or  p-type  carrier  concentration  alone  do 
not  give  rise  to  an  EBIC  signal,  but  if  both  occur 
concurrently,  EBIC  contrast  can  be  observed.  A 
change  in  carri  :r  concentration  due  to  variation 
in  dopant  levels  was  detected  in  the  EBIC  signal 
for  one  sample.  Defects,  including  handling  de¬ 
fects  such  as  scratches,  are  often  revealed  in 
EBIC  images.  EBIC  imaging  of  diffused  junctions 
shows  a  less  distinct  signal  onset  than  for  dop>ed 
grown  junctions.  For  junctions  formed  in  MOVPE 
samples  by  Hg  in-diffusion  from  a  surface  oxide, 
EBIC  reveals  a  strongly  contrasting  background 
signal  along  the  surface  of  the  bevelled  sample, 
probably  caused  by  interspersed  p  and  n  regions. 
These  observations  are  consistent  with  uneven 
Hg  diffusion,  including  fast  diffusion  down  de¬ 
fects  producing  n-type  channels  within  a  p-type 
matrix.  This  effect  was  not  observed  for  MOVPE 
samples  with  doped  or  ion  beam  milled  junctions 
or  for  LPE  samples  with  diffused  junctions,  high¬ 
lighting  a  difference  between  the  microstructure 
of  MOVPE  and  LPE  CMT.  In  many  cases,  a 


qualitative  correlation  can  be  made  between 
EBIC  signals  and  diode  performance. 
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Abstract 

Laser  induced  absorption  and  photoluminescence  are  used  for  the  investigation  of  band  states  and  deep  levels 
(DLs)  in  ZnSe  and  ZnO  bulk  crystals.  Interband  two-photon  and  two-step  absorption  processes,  both  via  DLs  as 
intermediate  (virtual  and  real,  correspondingly)  states,  take  place  and  give  information  about  the  main  parameters  of 
the  DLs.  The  effects  are  investigated  depending  on  doping  and  thermal  treatment  which  change  the  contamination 
of  native  defects.  The  results  illustrate  the  great  possibilities  of  nonlinear  spectroscopy  methods  in  condenced  matter 
science  and  especially  in  local  defect  study. 


1.  Introduction 

Nonlinear  spectroscopy  of  semiconductors 
based  on  the  induced  absorption,  as  a  rule,  are 
determined  by  the  competition  of  different  two- 
quantum  phenomena: 

(i)  Among  them,  two-photon  absorption  (TPA) 
spectroscopy  has  been  strongly  confirmed  as  a 
procedure  developed  for  the  study  of  the  funda¬ 
mental  properties  of  crystals  [1,2],  such  as  band 
and  exciton  structure. 

(ii)  The  presence  of  defects  in  real  crystals  dis¬ 
rupts  the  translational  symmetry  of  the  lattice, 
causing  changes  in  the  near-band-edge  region  of 
TPA  (3).  In  this  case  TPA,  as  a  symmetry  forbid- 
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den  and  a  low  probability  process,  has  two  advan¬ 
tages:  the  possibility  to  approach  close  to  the 
fundamental  edge  of  bulk  crystals,  and,  secondly, 
the  tendency  to  reveal  defect-perturbed  band 
states  where  the  symmetry  forbiddenness  is  lost. 

(iii)  In  real  crystals,  an  additional  channel  of 
interband  “impurity”  TPA  (ITPA)  appears,  with 
participation  of  deep  levels  (DLs)  of  defects  or 
impurities  in  the  forbidden  gap  (as  virtual  inter¬ 
mediate  states  of  TPA  event)  [4], 

(iv)  Part  of  the  local  defects  which  are  in  reso¬ 
nance  with  the  exciting  radiation,  which  changes 
their  population,  give  rise  to  non-coherent  two- 
step  absorption  (TSA)  [5,6]  via  such  deep  levels 
as  real  intermediate  states. 

(v)  If  we  change  the  excitation-modulation  condi¬ 
tions  in  such  a  way  that  laser  radiation  leads  to 
two-photon  excitation  of  the  crystal,  the  induced 
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absorption  by  nonequilibrium  free  carriers  ap-  photoinduced  change  of  the  impurity  absorption 
pears  [7].  In  this  case,  shallow  traps  of  carriers  and  TSA  [8]. 

and  deep  centers  of  rapid  capture  undergo  In  this  paper,  we  hope  to  confirm  experimen- 

nonequilibrium  overcharging,  which  leads  to  a  tally  that  concomitant  incoherent  phenomena 


DL  Urbach  UU 

Photon  energy  (eV) 


Fig.  I.  Comparison  of  the  common  features  of  single-  and  two-photon  absorption  spectra,  (a)  Scheme  of  typical  spectra 
components,  (b)  Free  carrier  (left  part)  and  impurity  (right  part)  absorption  spectra  of  ZnO  crystal  samples  (300  K)  of  different 
thermal  treatements  (Table  2).  Urbach  tail  and  two-photon  absorption  edges  are  shown  for  some  crystals. 


926 


K  Garryushin  et  al. /Journal  of  Crystal  Growth  138  (1994)  924-933 


with  participation  of  local  defects  give  a  lot  of 
information  for  the  studies  and  metrology  of  these 
states  [3-9]. 

2.  Two-photon-defectoscopy  of  band-gap  edge 

The  near-edge  region  of  energy-band  states  in 
crystals  has  an  exceptional  influence  on  practical 
optoelectronic  devices  and  it  is  also  the  most 
sensitive  to  crystal  structure  defects.  Therefore, 
there  is  every  reason  to  seek  new  ways  of  reveal¬ 
ing  distortions  of  the  density-of-states  function 
around  the  interband  absorption  edge  of  real 
crystals.  In  Fig.  1,  we  compare  schematically  the 
common  features  of  traditional  single-  and  two- 
photon  spectroscopies  and  illustrate  this  by  the 
corresponding  spectra  of  ZnO. 

The  investigation  of  the  fundamental  edge  of  a 
single-photon  absorption  (SPA)  in  bulk  crystals  is 
complicated  by  an  extra-strong  excitonic  and 
“band-to-band”  absorption  (a  >  lO’  cnr')  and 
by  the  influence  of  shallow  defects.  The  exponen¬ 
tial  “Urbach  tails”  are  typical  for  SPA  in  crystals. 
These  have  no  adequate  theory  and  cannot  give 
first-hand  information  on  the  bands. 

In  contrast,  the  transparency  region  of  crystals 
is  used  in  TPA  spectroscopy.  In  this  range,  the 
light-induced  TPA  losses  are  low  (a  <  1  cm  ') 
and  are  essentially  of  a  bulk  nature.  These  are 
the  reasons  for  the  specific  nature  of  TPA:  (i)  It 
is  possible  to  avoid  the  influence  of  surface  and 
of  surface  defects,  (ii)  TPA  is  practically  not 
influenced  by  shallow  defects  and  impurity  states 
and  neither  by  exponential  “Urbach  tails”.  The 
reason  is  that  all  of  them  are  out  of  sensitivity  of 
TPA  measurements,  (iii)  As  a  rule,  the  ground  Is 
exciton  states  do  not  participate  in  TPA  because 
of  the  symmetry  forbiddance  [1,2].  Therefore, 
TPA  spectroscopy  of  bulk  crystals  may  be  re¬ 
garded  as  an  alternative  to  single-photon  spec¬ 
troscopy  on  thin  samples  [10,1 1].  (iv)  We  consider 
“off-allowed”  by  symmetry  TPA  which  makes  it 
possible  to  approach  very  close  the  fundamental 
edge  of  bulk  crystals,  but  also  helps  to  reveal 
defect-perturbed  band  states  for  which  the  selec¬ 
tion  rules  for  symmetry,  parity  and  momentum 
are  alleviated  by  local  fluctuations  of  band  states. 
These  features  illustrated  by  Fig.  2c  suggest  novel 


applications  of  “band-gap-edge  TPA  defec¬ 
toscopy”  [3]. 

Experimental  evidence.  We  investigated  two- 
photon  spectra  in  wide-gap  II-VI  semiconductors 
subjected  to  various  heat  treatments  that  affect 
the  stoichiometry  and  the  content  of  the  point 
defects.  Fig.  2  shows  the  long-wavelength  parts  of 
the  TPA  spectra  of  ZnO  and  ZnSe  samples  of 
various  quality:  initial,  and  the  same  but  annealed 
under  an  overpressure  of  their  components  and 
diffusion-doped.  The  TPA  edge  was  localized  at 
much  shorter  wavelengths  (more  than  150  meV 
beyond  the  Urbach  edge;  see,  for  example.  Fig. 
lb),  in  close  agreement  with  the  band-gap 
(300  K). 

In  these  zinc  compounds,  “saturated"  by  an 
excess  of  the  interstitial  defects  of  Zn,  type 
(ZnO  :  Zn,  ZnSe  :  Zn)  and  also  by  Lij-type 
(ZnO :  Li)  [12-14],  spectral  distortions  were  exhib¬ 
ited  in  the  form  of  the  long-wavelength  shifts  or 
the  shoulders  up  to  50  meV  in  the  case  of  ZnO 
and  up  to  90  meV  for  ZnSe.  These  take  place 
only  in  the  near-band-edge  region. 

Zn-excess  in  ZnO  could  be  reduced  by  means 
of  the  annealing  under  oxygen  overpressure.  Such 
treatments  had  practically  no  effect  on  the  origi¬ 
nal  sample,  but  once  performed,  they  lead  to  the 
reduction  of  the  shoulders  (curves  4  and  6  in  Fig. 
2a).  Annealing  in  Zn-vapour  or  in  a  self-vapour 
in  an  evacuated  ampoule  increases  off-stoichiom¬ 
etry  and  is  reflected  in  the  spectral  changes.  The 
spectra  of  strongly  isovalently  doped  ZnSe:Te 
(Te  ~  1%,  curve  2  in  Fig.  2b)  differed  slightly 
from  the  initial  sample,  in  contrast  to  the  ZnO :  Li 
case  (curve  7  in  Fig.  2a).  This  is  in  agreement 
with  the  hypothesis  of  Te  incorporation  only  in 
substitutial  form  of  Tcj^  [6].  The  most  perturbed 
by  interstitial  defect  incorporation  are  the  states 
near  to  the  band  extreme  with  a  small  momen¬ 
tum.  This  reflects  the  loss  of  a  long-range  order 
of  crystal  translational  symmetry  and  has  a  statis¬ 
tically  spatial  inhomogeneous  nature. 

3.  Enhancement  of  coherent  nonlinear  losses  by 
deep  levels 

Deep  levels  can  influence  nonlinear  optical 
phenomena  by  their  participation  as  additional 
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virtual  intermediate  states  [4,15].  The  specifics  of 
strong  spatial  localization  of  DL  states  leads,  for 
example,  to  the  possibility  of  nonresonance  char¬ 
acter  of  such  “impurity  TP  A”  (ITPA)  via  DLs, 
without  the  conservation  of  momentum  in  these 
stages.  This  is  displayed  in  an  increase  of  nonlin¬ 
ear  losses  over  the  whole  spectrum  of  interband 
TPA,  weakly  distorting  its  spectral  form.  The 
resonance  character  of  ITPA  (with  conservation 
of  momentum)  is  determined  by  interference  ef¬ 
fects  of  the  oscillator  strengths  of  the  whole  spa¬ 
tially  distributed  ensemble  of  deep  levels  [4]. 

Nonresonant  ITPA.  In  Fig.  3a,  the  TPA  spectra 
for  pure  ZnO  crystal  are  given,  which  agree  with 
the  theory  of  TPA  to  the  p-exciton  continuum 
(curve  1),  and  also  for  doped  ZnO: Li  with  a 
concentration  of  -  10’’  cm“’  of  Li^n  acceptors 
with  =  1 .2  eV.  The  theoretical  spectrum  of 
interband  ITPA  [4]  (curve  2)  agrees  with  the 
experimental  spectrum  for  ZnO :  Li.  The  compo¬ 
nents  of  ITPA  spectra  are  shown  for  the  transi¬ 
tions  “with  conservation  of  wave  vector”  (curve 
4)  and  for  the  case  of  virtual  scattering  of  wave- 
vector  in  a  DL  state  (curve  5)  because  of  its 
indeterminacy  in  the  local  state.  It  must  be  men¬ 
tioned  that  only  the  component  with  “k-conserva- 
tion”  can  have  resonant  features.  The  contribu¬ 
tion  of  ITPA  component  “without  k-conserva- 
tion”  under  resonance  conditions  obtains  a 
threshold  form  specific  for  the  two-step  absorp¬ 
tion  via  deep  levels. 

Resonant  ITPA.  Two-photon  and  two-step  ab¬ 
sorption  via  local  states  are  mutually  connected 
in  the  conditions  of  the  intermediate  resonance 
between  quanta  and  local  states.  The  incoming 
into  resonance  conditions  leads  to  the  increase  of 
electron  lifetimes  in  local  intermediate  states. 


Fig.  2.  Long-wavelength  parts  of  two-pholon  spectra  of  ZnO 
(a)  and  ZnSe  (b)  undoped  (original,  curves  1)  samples  and  of 
different  heat  treatement  prehistory  samples  (ZnO  in  Tabic 
2).  For  ZnSe:  (2)  ZnSe:Te  (1%);  (3)  annealed  in  Se  vapour; 
(4)  annealed  in  Zn  (ZnSe:Zn):  (S)  self-vapour  annealed,  (c) 
Model,  explaining  the  difference  between  single-  and  two- 
photon  edge  spectrum  formation  in  defect  crystals. 
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Fig.  3.  Influence  of  two-photon  absorption  via  deep  levels  on 
the  nonlinear  spectrum  formation,  (a)  Nonresonant  TPA 
spectra  for  pure  crystals  ZnO  (Cl)  and  for  the  same  but 
diffusionally  doped  ZnO: Li  (C7).  Theoretical  curves:  (I)  in¬ 
trinsic  TPA  into  p-exciton  continuum;  (2)  summary  spectrum 
of  TPA  and  ITPA;  summary  contribution  of  “impurity”  TPA 
with  "il:-conservation''  (4)  and  without  one  (S).  (b)  Resonant 
evidence  of  two-photon  absorption  via  deep  levels  in  ZnSe 
crystals  (curve  I).  Intrinsic  TPA  (2)  and  the  resolved  impurity 
TPA  (3)  parts  of  spectra  are  also  presented.  Curves  are 
calculated  according  to  Eq.  (2). 


Starting  from  disappearingly  small  for  coherent 
TPA  and  finishing  by  terminate  lifetimes  of  real 
states  of  noncoherent  TSA.  So,  the  coherence  of 
the  process  is  lost  with  the  appearance  of  its 
dependence  on  occupation  of  the  “real”  interme¬ 
diate  states.  Such  connection  between  TPA  and 


TSA  may  be  introduced  by  a  damping  parameter 
of  intermediate  states: 


r=\{ry'+rl'  +  W^^+W^),  (1) 

which  includes  the  probabilities  W  of  optical 
changes  of  the  centre  population  additionally  to 
transversal  ik)  and  longitudinal  (E)  relaxation 
times.  Therefore,  the  resonant  ITPA  can  be  de¬ 
pendent  on  the  modulation  intensity,  seen  in 
damping  and  saturation  of  spectral  resonances. 
Thus,  on  separate  ZnSe  crystals,  on  the  back¬ 
ground  of  intrinsic  interband  TPA  spectra  we 
have  seen  two  intensity-dependent  resonances 
(Fig.  3b)  described  satisfactorily  by  ITPA  theory 
[4,16]: 


^r(")  ~  E 


c  r 


(2) 


where  A  =  tiio  +  hioi  - E^,  +  m^~\ 

and  Cj  is  a  quantity  slightly  changeable  in  a 
resonance  region  and  proportional  to  a  squared 
concentration  of  centres  C,  ~  Summation  is 
through  the  number  of  different  nature  levels. 
Results  of  Fig.  3b  correspond  to  (2)  if  =  1.06 
eV,  E,^  =1.12  eV  and  £,=20  meV,  ITj  =  30 
meV.  It  should  be  noted  that  the  spectral  resolu¬ 
tion  in  determination  of  the  energy  of  DL  states 
is  increased  as  a  result  of  the  difference  in  effec¬ 
tive  masses  of  the  bands  m*^>  m*^.  Besides  this, 
unlike  in  ITPA,  the  defect  states  in  the  linear 
optics  generally  cannot  have  the  resonant  spectral 
peculiarities  under  their  optical  overcharge  con¬ 
ditions. 


4.  Deep  level  nonlinear  spectroscopy  (DLNS) 

DLNS  is  a  method  [5,6,9]  of  investigation  of 
nonequilibrium  processes  of  optically  modulated 
impurity  absorption  up  to  the  saturation  by  means 
of  so-called  direct  and/or  indirect  laser  modula¬ 
tion  of  quasistationary  two-step  absorption  (LM 
TSA)  via  deep  levels.  It  permits  one,  firstly,  to 
separate  the  spectral  contributions  of  DLs  which 
are  different  in  nature,  even  in  the  case  of  their 
complete  energy  overlap;  secondly,  to  determine 
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the  basic  set  of  phenomenological  parameters,  formation  of  the  luminescence  properties  of  crys- 
the  composition  of  DLs,  and  also,  in  some  cases,  tals  [8,9]. 

to  determine  directly  the  role  of  these  defects  in  On  account  of  short  duration  and  high  inten- 


2.5  2.6  2.7 

(a)  Photon  energy  (eV) 


Fig.  4.  Separation  of  spectral  contributions  (curves  la  and  2a)  of  LM  TSA  caused  by  two  deep  centres  in  ZnSe  crystals  mutually 
unresolved  in  spectra  (curve  .la),  (a)  Spectra  and  their  separation  to  the  components  (curves  3  and  4).  (b)  Intensity  dependences  of 
induced  absorption  for  different  probe  quanta  and  their  theoretical  components  (curves  I  and  2)  caused  by  two  deep  levels 
differing  in  photon  capture  cross-.sections. 
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sity  of  laser  modulation,  the  DL  depletion  by 
laser  quanta  is  the  main  process  during  the  laser 
illumination.  According  to  this,  the  induced  ab¬ 
sorption  dependence  on  the  intensity  of  modulat¬ 
ing  illumination  {Aa  {!,))  has  a  saturating  charac¬ 
ter  determined  only  by  the  value  of  a  cross-sec¬ 
tion  of  the  photon  capture  tT-fca, ).  This  allows  us 
to  determine  the  parameter  directly.  Further¬ 
more,  the  separation  of  spectral  contributions  of 
the  centres  of  different  nature  is  possible,  even  at 
close  activation  energies.  The  latter  is  illustrated 
by  experimental  results  in  Fig.  4. 

As  a  result,  we  can  determine  in  DLNS  the 
main  set  of  parameters  associated  with  deep  cen¬ 
tres:  (i)  Energetic  position  in  a  band-gap 
and  study  of  Franck-Condon  losses),  (ii) 

Values  and  spectra  of  cross-sections  of  both  pho- 
toionization  and  photoneutralization,  i.e.  the 
photo-activities  of  DL.  (iii)  Coefficients  of  carrier 
capture,  i.e.  electroactivity  of  DL.  (iv)  Lifetimes 
of  carriers  localized  in  DLs.  (v)  Quasi-stat ionary 
occupation  of  DLs  just  before  the  modulation, 
(vi)  Concentration  of  the  centres. 

Deep  lei  el  meirolofry  in  ZnSe.  The  annealing  of 
compound  crystals  under  overpressure  of  their 
component  vapours  strongly  influences  the  crystal 
properties,  as  a  consequence  of  the  stoichiome¬ 
try.  and  the  defect  content  changes  during  the 
treatment.  This  way  of  a  post-growth  rearrange¬ 
ment  of  defect  ensemble  is  a  standard  for  the 
attemptions  to  identify  their  nature.  Fig.  shows 
the  spectra  of  probe  light  absorption  changes. 


2.7  3.0  :!,r, 


Fig.  Induced  absorption  spectra  changes  caused  by  differ- 
ent  annealing  of  two  ZnSe  samples;  (I.  4)  original  mples  al 
and  a4;  (2,  5)  annealed  in  self  vapours  (S\  )  al  for  12  h; 

(3.  h)  additionally  annealed  in  Zn  (.3)  and  Se  vaisours;  C') 
theoretical  spectrum  of  t>^o-phoion  absorption  b>  p-evcilon 
continuum 


Table  I 

Parameters  of  deep  levels  in  /nSe  and  ZnSe  ;1e  crvslals 


Nature  of  centres 

/  .  A-  / 

(cV) 

(eV) 

(cm' ) 

(cm’) 

Largest 

concentration 

(cm  ■) 

C'orrestxmding 
luminescence 
band  (cV) 

(  entres  included  Fe)‘ 

1  .(b 

1.77 

10 

2  X  10 

2  X  III'' 

- 

A  centre  (D  ‘  ) 

0.()2 

2.I.S 

2  X  10  '  ■ 

4  X  10  ' ' 

5  X  III 

'  2.05 

M'cer.tred^’  +  V^'„  +  Te'/,,! 

(1.72 

2.l).s 

9  X  10 

3.5  X  10 

7  X  10"’ 

'  1.95 

y\ssiKiated  with  Tcv 

0.S2 

2.31 

10  '• 

5x  10  '■ 

5  X  lO'" 

- 

Interstitial  donor  Zn, 

(1.44 

2..3H 

.S  X  10 

10 

2  X  10’' 

- 

Centre  of  fast  hole  capture 

I.4.S 

2..S9 

2  X  to 

- 

'  I.2S 

■'  Photoioni/alion  energy. 

^  Photoncutralization  energy. 


‘  Pholoionization  cross-section. 

'  Photoneutralization  cross-section. 
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(Vz>D^) 

Fig.  ft.  Spectral  eomponent.s  of  LM  TSA  from  different  deep  levels  influencing  the  formation  of  induced  absorption  spectra  in  ZnO 
cr>'stals  (Table  2). 


Fig  7.  Defect  states  in  ZnO  crystals  investigated  and  identified  by  means  of  deep  level  nonlinear  spectroscopy. 
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induced  by  laser  radiation,  for  a  number  of  the 
different  prehistory  samples  of  two  ZnSe  crystals. 
The  long-wave  part  of  the  spectra  is  determined 
mainly  by  interband  two-photon  absorption. 
Curve  7  shows  the  theoretical  spectra  for  TPA  by 
p-exciton  continuum.  On  this  background  we  see 
the  “game”  of  three  DL  bands  with  the  thresh¬ 
olds  at  2.03,  2.15  and  2.38  eV. 

After  annealing  under  the  self-vapour,  a  signif¬ 
icant  enhancement  of  two  overlapping  bands  is 
seen  in  the  spectrum  of  crystal  al  (curve  2).  Such 
a  spectrum  of  crystal  a3  (curve  5)  becomes  the 
same  as  that  of  the  original  sample  al  (curve  1). 
A  renewed  heating  in  Zn  vapour  (curve  3)  de¬ 
creases  the  two  bands,  and  the  treatment  in  Se 
(curve  6)  makes  them  stronger.  The  band  at  2.38 
eV  in  the  original  crystal  a3  (curve  4),  on  the 
contrary,  is  removed  after  the  self-vapour  (SV) 
annealing.  These  results  of  Fig.  5  allow  one  to 
suppose  that  the  2.38  eV  band  is  evidently  caused 
by  superstoichiometric  zinc,  and  exactly  in  inter¬ 
stitial  ZOj  form.  In  this  case,  selenium  vacancies 
are  not  involved,  since  the  vacuum  annealing 
gives  the  opposite  result,  similar  to  that  for  heat¬ 
ing  in  Se,  but  not  in  Zn.  The  2.03  and  2.15  eV 


bands  are  somehow  related  to  the  loss  of  Zn  from 
the  crystal  during  annealing,  i.e.  to  the  formation 
of  V^n,  since  they  are  reversibly  enhancing  and 
weakening  under  treatments  in  Se  and  in  Zn 
vapours,  respeetively.  The  2.03  eV  band  is  less 
sensitive  to  annealing  that  the  2.15  band,  al¬ 
though  their  behaviour  is  similar.  The  measured 
concentration  of  “2.2  eV  eentres”  correlates  with 
SA  luminescence  intensity  (self-activated),  and 
their  binding  energy  is  in  good  agreement  with 
that  for  the  SA  centre  (V^^  -t-  D)  [12,17], 

Identical  technological  treatments  are  em¬ 
ployed  in  DLNS  experiments  on  isovalently  doped 
ZnSe:Te  crystals  [6].  The  parameters  of  deep 
levels,  characteristic  for  ZnSe  and  ZnSe ;  Te  crys¬ 
tals,  determined  in  this  work,  are  presented  in 
Table  1. 

Deep  level  metrology  in  ZnO.  Spectral  depen¬ 
dencies  of  {(Tj^(tt))-(T„^(a)))  type  for  LM  TSA 
components  for  the  observed  DLs,  summarized 
for  all  ZnO  samples,  are  given  in  Fig.  6.  The 
results  of  DLNS  study  of  deep  defects,  identified 
also  by  their  reaction  on  different  thermal  an¬ 
nealings  of  ZnO  and  of  diffusionally  doped 
ZnO :  Li  crystals,  are  summarized  in  Fig.  7  and  in 


Table  3 

Parameters  of  deep  levels  in  ZnO  crystals 


Defec 

v<: 

(V„-rZn,) 

(D’  +  v;:„) 

Zn, 

(D-+U^.„) 

Photoionization  cross-section. 

1.5  X  1(1  "* 

6x  1(1  '’ 

10'" 

5  X  10  '" 

0.5  X  10 

Neutralization  cross'section. 

3.5  X  1(1 

10  '" 

2  X  10  "* 

7  X  10  '" 

1.5  X  10  '’ 

).  (I) )  (cm  ■ ) 

Photoionization  energy. 

2.3 

2.4.  2.7 

~,3.I3 

~3.I5 

'  .3.10 

(eV) 

Annealing 

Defect  concentration  (cm  '  ’) 

Cl  Initial  sample 

2x  10''’ 

3  X  lO'" 

~  10'" 

X 

C4  0,,«.3(I°C,  25h 

5  X  10''’ 

7x  lO'" 

~3x  10'" 

X 

- 

C6  O,.  44()°C,  25  h 

7x  10''’ 

1.5  X  10'" 

~  10'" 

X 

- 

C5  Vacuum,  IKXrC,  25  h 

l.ftx  10''’ 

1.5  X  10'" 

~  10'" 

~  10'’ 

_ 

CS  Self-vapour,  605°C,  25  h 

ftx  10'’ 

7.5  X  10'" 

X 

7x  10'’ 

- 

C3  Zn,  WXrC,  25  h 

3.5  X  10'’ 

5.5  X  10'" 

X 

8x  10'’ 

_ 

Cl  U2CO„K3(rc,  I02h 

2.5  X  10'" 

10'" 

X 

'  in'" 

5  X  10” 

Note:  X  absence  in  spectra;  - 

low  concentration  ( <  10 
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Table  2.  Their  optical  density  spectra  are  pre¬ 
sented  in  Fig.  lb.  The  regimes  of  annealing  and 
the  determined  parameters  of  deep  levels  and 
their  content  in  the  samples  of  different  prehis¬ 
tory  are  presented  in  Table  2. 


4.  Conclusions 

The  possibilities  of  so-called  DLNS  or  “deep 
level  nonlinear  spectroscopy”  based  on  the  phe¬ 
nomena  of  laser  modulation  (up  t.o  saturation)  of 
the  occupation  of  the  states  of  deep  local  defects 
are  used  for  the  investigation  of  the  ones  in  ZnSe 
and  ZnO  crystals.  The  effects  are  studied  de¬ 
pending  on  doping  and  post-growth  thermal 
treatment  which  rearranged  the  ensemble  of  point 
defects.  The  characteristics  of  DLs  and  their  rela¬ 
tion  to  radiating  properties  of  the  crystals  are 
determined  from  the  analysis  of  photo-induced 
absorption  and  luminescence  data. 

Deep  levels  as  additional  intermediate  states 
of  two-photon  absorption  significantly  change  the 
probability  and  spectral  response  of  the  process 
depending  on  energetic  position  and  concentra¬ 
tion  of  DL.  Resonant  and  non-resonant  processes 
are  investigated  in  technologically  different  crys¬ 
tals  of  ZnSe  and  ZnO. 

Changes  in  the  band  edge  density  of  states 
caused  by  a  fluctuating  potential  of  defect  distri¬ 
bution  in  the  crystals  are  for  the  first  time  directly 
detected  by  means  of  interband  two-photon  spec¬ 
troscopy. 


5.  Acknowledgment 

This  work  was  partially  supported  by  a  Meyer 
Foundation  Grant  awarded  by  the  American 
Physical  Society. 

6.  References 

[1]  D.  Frohlich,  Festkorperprobleme  10(1970)227. 

[2]  B.  Honerlage.  R.  Levy,  J.B.  Gnin,  C,  IClingshim  and  K. 
Bohnert,  Phys.  Repl.  124  (1985)  161. 

131  R.  Baltramiejunas  and  V.  Gavryushin.  J,  Crystal  Growth 
101  (1990)  599. 

14]  R.  Baltramiejunas.  V.  Gavryushin,  G.  Raciukaitis  et  al.. 

Phys.  Status  Solidi  (b)  151  (1989)  721. 

|5l  R.  Baltramiejunas.  R.  Baubinas.  J.  Vaitkus  et  al..  Sov. 

Phys.-Solid  Slate  27  (1985)  227. 

|6]  R.  Baltramiejunas.  V.  Ryzhikov.  G.  Raciukaitis  et  al.. 
Physica  B  185  (1993)  245. 

[7]  R.  Baltramiejunas,  J.  Vaitkus  and  V.  Gavryushin.  Sov. 
Phys.-JETP  60  (1984)  43. 

[8|  R.  Baltramiejunas.  V.  Gavryushin.  V.  Kubertavicius  and 
G.  Raciukaitis.  Physica  B  185  (1993)  336. 

[9]  V.  Gavryushin,  R.  Baltramiejunas.  G.  Raciukaitis  el  al.. 
Sov.  J,  Appl.  Spectrosc.  51  (1989)  503, 

110]  A.P.  Roth.  J.B.  Webb  and  D.F.  Williams.  Phys.  Rev.  B  25 
(1982)  7835. 

111]  E.G.  Batyev.  Yu. A.  Pusep  and  M.P.  Sinyukov.  Sov. 
Phys.-Solid  State  27  (1985)  708. 

112]  T.  Marshall.  Physica  B  185  (1993  )  43.3. 

1131  D.J.  Chadi  and  N.  Troullier,  Physica  B  185  (1993)  128. 
114]  H.L.  Colal  and  B.G.  Markey.  Physica  B  185  (1993)  103. 
[151  l.P.  Areshev.  Fiz.  Tverd.  Tela  II  (1976)  962. 

[16]  R.  Baltramiejunas.  J.  Vaitkus  and  V.  Gavryushin.  Sov. 

Phys.-Solid  State  18  (1975)  1723. 

|I7]  G.D.  Watkins,  in:  Defects  and  Radiation  Effects  in  Semi¬ 
conductors.  Eds.  N.B.  Urii  and  J.W.  Corbett  (Inst.  Phys., 
Bristol.  1977)  p.  95. 


ELSEVIER 


. . .  CRVSTAI. 

OROWTH 


Journal  of  Crystal  Growth  138  ( 1 994)  934-939 


Angle  resolved  X-ray  photoelectron  spectroscopy  of  the  surface 
of  HgQgjZng  ijTe  and  after  passivation  processes 

A.  Quemerais  K.H.  Khelladi  D.  Lemoine  R.  Granger  *  R.  Triboulet 

"  Laboraloire  de  Spectroscopic  du  Bolide  et  d'Electronique  Quantique,  LIRA  1202  CNRS,  Unii  ersite  de  Rennes. 

F-35042  Rennes  Cedex.  France 

*  Laboraloire  de  Physique  des  Bolides.  URA  786  CNRS,  INSA,  F-35043  Rennes  Cedex,  France 
'  Laboraloire  de  Physique  des  Bolides  de  Bellerue,  VPR  1332  CNRS.  F-92I9S  Meudon  Cedex.  France 


Abstract 

First  results  on  the  characterization  of  Hg„j,5Zn„  ,5X0  surfaces  arc  given.  They  show  that  the  stoichiometry  just 
under  the  surface  can  be  kept  after  several  chemical  processes.  The  modulations  due  to  diffraction  of  the  outgoing 
photoelectrons  indicate  that  the  lattice  is  not  damaged.  All  the  surface  processes  studied  leave  a  layer  containing 
mainly  carbon,  but  also  oxygen  which  cannot  come  from  an  atmospheric  contamination. 


1.  Introduction 

The  surface  of  Hg,  _ ^Cd^Te  (MCT  at)  has  been 
extensively  studied  as  it  is  of  crucial  importance 
in  the  fabrication  of  infrared  devices  [1],  The  low 
binding  energy  in  MCT  results  in  a  change  of 
stoichiometry  near  the  surface  and  damage  of  the 
lattice  if  great  care  is  not  taken  during  surface 
treatments.  Hg,_^Zn^Te  (MZT  at)  appears  as  an 
alternative  material  to  MCT  because  of  its  higher 
bond  strength  [2,3],  which  leads  also  to  a  lower 
segregation  of  mercury  near  the  surfaces  [4).  The 
study  of  MCT  surfaces  has  been  only  performed 
on  <lll>  surfaces,  this  orientation  is  preferred 
for  epitaxial  growth  as  twins  which  may  appear 
are  perpendicular  to  this  direction.  However,  for 
the  (100)  direction  the  interpretation  of  the  angle 
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resolved  X-ray  photoelectron  spectroscopy 
(ARXPS)  patterns  are  simpler  and  clearer  than 
in  other  crystallographic  directions.  Reliable  in¬ 
formation  about  the  crystal  lattice  of  MZT  0.15 
under  its  surface  is  repiorted  using  ARXPS.  The 
different  surface  preparations  before  ARXPS 
study  are  presented  in  the  first  section  and  the 
experimental  conditions  necessary  to  monitor  the 
ARXPS  spectra  are  then  recalled.  Analysis  of  the 
chemical  composition  near  the  surface  after  the 
different  treatments  is  given  in  section  4.  The 
photodiffraction  features  are  then  discussed  in 
section  5. 


2.  MZT  growth  and  surface  treatments 

MZT  ingots  with  x  near  0.15  are  grown  by  the 
travelling  heater  method.  Details  and  a  discus¬ 
sion  on  the  growth  process  are  given  in  ref.  [5]. 
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I'hc  ARXPS  results  presented  here  have  been 
obtained  on  one  of  the  samples  with  (100)  orien¬ 
tation  and  2  cm*  of  surface.  It  has  been  cut  in  an 
ingot  which  appeared  almost  a  single  crystal. 
However,  a  subsequent  careful  analysis  revealed 
that  the  sample  is  constituted  of  a  great  number 
of  crystallites  of  which  the  size  is  broadly  dis¬ 
tributed  around  the  mean  value  of  1  mm;  they 
are  separated  by  subgrain  boundaries.  The  devia¬ 
tion  in  crystallograohic  orientation  between 
neighbouring  grains  remains  generally  small  ( =  20 
arc  min),  but  the  whole  of  these  orientations  is 
spread  on  a  2.5“  cone.  The  sample  surface  is  first 
mechanically  polished  with  15  nm  silicon-carbide 
grains  and  finished  with  0.3  jam  alumina  grains. 
Its  composition  has  been  checked  with  a  micro¬ 
probe  [6]  on  15  points  of  its  surface;  the  mean 
value  of  X  is  0.144  with  a  variation  of  ±0.015. 

The  sample  is  chemomechanically  polished 
with  a  2%  bromine  in  methanol  solution  before 
each  new  treatment,  to  remove  a  10  fim  layer. 
The  sample  has  been  first  submitted  to  a  stoichio¬ 
metric  annealing  at  400“C  in  a  closed  silica  am¬ 
poule  with  Hg  at  380“C  in  order  to  remove  pre¬ 
cipitated  tellurium  and  to  decrease  the  vacancy 
concentration.  After  this  annealing  the  hole  con¬ 
centration  is  1.2  X  10 cm"’  [7].  Before  the 
ARXPS  analysis,  three  different  types  of  surface 
treatment  have  been  applied  which  are: 

(I)  The  sample  is  dipped  into  a  solution  of 


Fig.  I.  (a)  Overview  of  the  photoelectron  monitoring  referred 
sphalerite  structure  in  the  probing  plane  ir  of  (a). 


bromine,  methanol  and  ethylene  glycol  (5%,  15%, 
80%)  for  1  min,  rinsed  with  methanol  and  dried 
with  nitrogen  gas.  This  treatment  is  similar  to  the 
process  used  to  polish  MCT  samples. 

(Ila)  After  step  (I),  an  oxide  layer  is  grown  by 
electrochemistry  in  a  solution  of  O.IM  KOH  in 
ethylene  glycol  and  deionized  water  (90%,  10%). 
The  current  density  is  kept  constant  at  300  nA 
cm"’  during  the  whole  growth  process  until  the 
voltage  between  the  sample  and  a  standard 
calomel  electrode  reaches  30  V  where  the  growth 
is  stopped  [8].  The  oxide  layer,  with  thickness 
slightly  larger  than  100  nm,  is  immediately  re¬ 
moved  with  a  IM  solution  of  lactic  acid.  The 
sample  is  then  rinsed  with  pure  water  and  dried 
under  a  nitrogen  flow. 

(lib)  The  process  is  the  same  as  (Ha),  but  after 
the  chemical  removal  of  the  anodic  oxide  layer, 
the  sample  is  rinsed  in  methanol  and  dried  under 
nitrogen. 

(Ill)  After  step  (I),  the  sample  is  put  in  a  solution 
of  deionized  water  which  is  saturated  with  KCN. 
It  is  then  rinsed  with  water  and  dried.  When  the 
sample  is  taken  out  of  the  KCN  solution,  its 
surfaces  become  unwettable  and  appear  stable  in 
air  as  checked  by  ARXPS.  This  process  (step 
(III))  has  already  been  proposed  to  obtain  near 
stoichiometric  surfaces  on  Cd-rich  MCT,  the  KCN 
solution  dissolving  all  the  tellurium-related  oxides 
of  the  top  layers  [9]. 


(tool 


E.mission  plane  7t 

to  sample  crystallographic  axis,  (ti)  Atomic  arrangement  of  the 


A.  Quemerais  ei  al. /Journal  of  Crystal  Growth  138  <1994)  934-939 


<).V) 


All  three  processes  are  entirely  performed  in  a 
closed  box  under  a  nitrogen  atmosphere,  and  the 
sample  is  placed  in  a  bag  which  is  sealed  in  this 
box.  This  bag,  used  to  carry  the  sample,  is  open 
inside  the  preparation  lock  of  the  XPS  apparatus 
which  is  filled  with  nitrogen.  The  lock  is  then 
evacuated  and  the  sample  transferred  to  the  anal¬ 
ysis  chamber  with  a  sliding  rod.  This  procedure 
avoids,  a  priori,  a  contamination  by  atmospheric 
species. 


3.  XPS  apparatus  and  analysis  details 

The  photoemission  spectroscopy  setup  is 
placed  in  a  UHV  chamber  (10"'®  Torr).  Its  X-ray 
source  is  a  twin  Al/Mg  anode  tube;  however,  the 
MgKa  peak  (1254  eV)  is  used  in  this  study.  The 
photoelectron  analyser  is  a  VSWMA  1(K),  its  ac¬ 
ceptance  angle  is  3®  and  its  energy  resolution  0.7 
eV  for  a  10  eV  pass  energy. 

The  intensity  of  the  photoemission  from  the 
core  levels  Hg4f,  Te4d,  Zn2p3/2.  Cls  and  Ols 
is  monitored  as  a  function  of  the  polar  angle  B 
between  the  electron  escape  direction  and  the 
normal  to  the  sample  which  is  a  (001)  axis  of  its 
lattice,  as  shown  in  Fig.  la.  The  sample  is  rotated 
around  the  (010)  crystallographic  axis  so  that  the 
analysis  is  performed  in  the  plane  w.  The  peri¬ 
odic  array  of  atoms  belonging  to  the  two  sublat¬ 
tices  in  this  plane  v  is  drawn  in  Fig.  lb.  The 
direct  wave  (part  of  the  non-scattered  wave)  of 
the  outgoing  electron  emitted  by  an  atom  inter¬ 
feres  with  the  same  wave  elastically  scattered  by 
the  neighbouring  atoms.  So,  for  the  kinetic  ener¬ 
gies  of  the  analysed  photoelcctrons,  the  diffusion 
amplitudes  are  peaked  in  th&4brward  directions 
where  the  atomic  densities  in  the  lattice  are  the 
highest;  these  directions  have  been  drawn  in  Fig. 
lb.  The  amplitude  of  the  modulations  in  the 
photoelectron  intensity  depends  on  the  deviations 
of  the  atomic  positions  near  the  surface  as  com¬ 
pared  to  those  of  a  perfect  lattice;  they  are  a  test 
of  the  lattice  defects  created  by  surface  treat¬ 
ments. 

For  0  =  0,  a  complete  scan  in  photoelectron 
energy  is  monitored.  It  gives  a  first  chemical 
analysis  of  the  possible  species  found  near  the 


Binding  Energy(eV) 


Fig.  2.  Intensity  profiles  of  Hg4f  and  Te4d  core  levels  after 
processes  (ID  and  (III)  described  in  the  text. 


surface.  ARXPS  has  been  studied  only  on  sur¬ 
faces  with  no  detectable  species  other  than  the 
crystal  constituents,  carbon  and  oxygen.  The  sam¬ 
ple  is  rotated  by  steps  of  2.5°,  and  scans  of  the 
electron  intensity  versus  the  enerja'  are  moni¬ 
tored  around  the  characteristic  energies  of  the 
core  levels  already  cited. 

As  the  mean  free  path  of  the  photoemitted 
electrons  varies  with  their  kinetic  energy,  the 
emissions  from  core  levels  Hg4f  and  Te4d,  of 
which  the  energies  are  close,  have  been  chosen  so 
that  the  Hg/Te  ratios  are  directly  comparable. 
The  intensity  profiles  are  obtained  by  substrac- 
tion  of  the  background  contribution  using  the 
method  of  Shirley  [10];  they  allow  one  to  separate 
clearly  the  different  types  of  chemical  binding  for 
each  element  studied.  Fig.  2  displays  the  Hg4f 
and  Te4d  energy  profiles  after  processes  (11)  and 
(III)  for  which  they  are  the  same.  No  chemical 
shift  corresponding  to  a  bonding  of  Hg  and  Te 
with  other  atomic  species  (particularly  oxygen)  is 
observed,  showing  that  Hg  and  Te  are  not  bound 
to  oxygen.  Each  profile  is  integrated  numerically 
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in  energy  and  divided  by  the  corresponding  ion¬ 
ization  cross  section  to  give  the  normalized  inten¬ 
sity. 

The  level  ZnZpj/j,  exited  by  the  MgKa  radia¬ 
tion,  has  a  cross  section  greater  than  the  Zn3p; 
nevertheless  the  corresponding  electron  current 
remains  comparatively  small  and  in  an  energy 
domain  where  the  background  contribution  in¬ 
creases  steeply.  The  signal/ noise  ratio  of  the 
Zn2p3/2  profiles  is  lower  than  for  the  other 
levels  and  the  results  are  less  precise.  The  mean 
free  path  of  the  Zn  2p,/2  electrons  is  shorter  due 
to  their  lower  kinetic  energy;  this  difference  is 
simply  taken  into  account  in  the  calculation  of 
the  normalized  intensities,  although  the  depth 
tested  by  these  photoelectrons  is  lower  than  for 
Hg  and  Te. 


4.  Results  and  discussion 

After  process  (I),  the  surface  is  deeply  oxidized 
with  mainly  TeOj  and  has  an  excess  of  Te.  It  is 
depleted  of  Hg  but  not  of  Zn.  The  lack  of  Hg  can 
be  explained  by  the  loss  of  HgO  in  the  UHV 
chamber  as  it  is  volatile.  Oxygen  is  highly  present 
as  bound  in  oxides,  but  it  remains  also  in  the  top 
layer  with  carbon  and  bromine  which  cannot  be 
completely  removed  by  the  several  rinsing  steps. 
These  results  appear  non-reproductible  when  re¬ 
peating  process  (1)  and  must  be  considered  as 
only  qualitative;  they  are  of  the  same  type  as 
found  in  MCT[11]. 

After  processes  (Ila)  and  (Ilb),  Br,  N  and  K 
are  not  detectable.  On  the  other  hand,  O  and 
particularly  C  remain  as  seen  in  Fig.  3,  showing 
the  polar  spectra  for  these  elements  and  the 
constituants  after  process  (lib).  The  profile  in 
energy  of  Te  and  Hg  does  not  show  any  de¬ 
tectable  contribution  coming  from  one  of  their 
respective  oxidized  forms  (cf.  Fig.  2).  Moreover, 
the  amplitude  of  the  normalized  intensity  corre¬ 
sponding  to  O  remains  almost  constant  of  0  (cf. 
Fig.  3).  C  is  in  larger  abundance  at  the  surface 
than  O,  as  seen  in  Fig.  3;  it  is  difficult  to  assess 
the  exact  mean  thickness  of  this  top  layer,  but  we 
can  fix  an  upper  limit  for  its  value  of  10  to  IS  A  if 
it  is  considered  homogeneous.  Beyond  a  thick- 
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Fig.  3.  Normalized  intensities  and  Hg/Te  ratio  versus  polar 
escape  angle  B  after  process  (Hb). 

ness  of  20  A  and  for  a  disordered  top  layer,  the 
modulations  due  to  the  diffraction  of  the  photo¬ 
electrons  disappear  [12],  We  will  see  in  the  fol¬ 
lowing  that  the  thickness  of  this  top  layer  appears 
rather  homogeneous  on  the  sample.  We  have  not 
been  able  to  remove  this  layer,  which  originates 
from  the  chemical  processes  themselves,  as  the 
sample  has  been  continuously  maintained  under 
a  nitrogen  atmosphere  during  all  the  processes. 
Profile  analysis  of  C  shows  a  very  small  content  of 
carbonates  for  processes  (11a)  and  (lib);  for  pro¬ 
cess  (Ila)  almost  all  the  carbon  corresponds  to  an 
aliphatic  form,  when  for  process  (lib)  about  half 
of  the  carbon  is  in  an  aliphatic  binding;  the 
remainder  belongs  to  an  alcohol  form. 

Fig.  4  shows  the  Hg  and  Te  normalized  inten¬ 
sity  variations  with  0  after  process  (Ila).  It  shows 
interference  modulations  (as  in  Fig.  3)  with  ex¬ 
trema  at  polar  angles  shown  in  Fig.  lb  which  are 
characteristic  of  a  slight  damage  of  the  lattice  in 
the  first  atomic  layers  under  the  surface.  The 
ratio  of  the  height  of  the  peak  at  @  =  0°  for  Te  to 
its  minimum  near  0  =  10°  is  about  3/2.  This 
value  can  be  compared  to  that  obtained  on  (100) 
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GaAs  epitaxial  layers  which  are  considered  as  a 
reference,  where  this  ratio  is  2/1  [13].  In  the  case 
of  MZT,  the  ratio  is  actually  reduced  due  to  the 
spread  of  2.5°  found  in  the  (010)  axis  of  the 
crystallites  in  the  sample;  the  relative  decrease  of 
this  ratio  has  been  estimated  to  be  of  20%.  Fig.  4 
shows  also  that  the  modulation  in  the  intensity  of 
Te  is  clearly  seen  near  0  =  45°,  but  that  of  Hg  has 
almost  disappeared.  The  smaller  amplitude  for 
Te  is  an  effect  of  the  carbon  top  layer;  in  return 
the  loss  of  modulation  for  Hg  corresponds  to  a 
perturbated  cation  sublattice  under  the  top  layer. 

The  mean  intensity  variations  of  Te,  Hg  and 
Zn  are  the  same;  this  is  evidenced  in  Fig.  3  and 
Fig.  4  for  the  Hg/Te  evolution  with  0.  The  Hg/Te 
ratio  after  process  (III)  is  larger  than  the  value 
obtained  after  process  (Ila),  where  it  is  very  near 
the  stoichiometric  value  after  process  (lib). 

The  values  of  the  relative  fractions  of  Te,  Hg, 
Zn  have  been  put  in  the  usual  compositional 
triangle  [1,11],  the  corresponding  points  are  scat¬ 
tered  in  a  circle  of  radius  0.03  centred  on  the 
mean  fraction  value.  This  mean  value  corre¬ 
sponds  to  Hg,|^xZn„,i<,Te|  IK,  for  process  (lib)  and 
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Fig.  4.  Normalized  intensities  and  Hg/'^e  ratio  versus  polar 
escape  angle  0  after  process  (Ila). 


Fig.  5,  Normalized  intensities  and  Hg/Te  ratio  versus  polar 
escape  angle  0  after  process  (III). 


to  Hg,  n«Zn„|,xTe,  IK,  for  process  (Ila).  The  small 
variations  of  these  values  with  0  correspond  to  a 
constant  composition  lattice  under  the  carbon 
layer  and  must  be  that  of  the  bulk.  The  difference 
between  the  fractional  values  and  the  composi¬ 
tion  of  the  sample  actually  remains  small  and 
may  be  attributed  mostly  to  the  top  most  layer  in 
which  the  mean  free  path  of  a  photoelectron 
emitted  by  Zn  is  shorter,  leading  to  a  smaller 
normalized  intensity.  The  difference  in  Hg/Te 
ratio  between  processes  (Ila)  and  (lib)  is  also 
attributed  to  the  effect  of  the  top  layer. 

After  process  (Ill),  Br.  N  and  K  eannot  be 
detected  at  the  surface  but  the  contamination 
with  C  and  O  is  as  high  as  with  processes  (ID.  An 
example  of  normalized  intensity  curves  is  pre¬ 
sented  in  Fig.  5  which  gives  also  the  Hg/Te  ratio 
as  a  function  of  0.  The  profiles  of  intensity  of  Hg 
and  Te  are  like  those  given  in  Fig.  2  and  show  no 
oxidation  of  the  constituents.  Fig.  5  shows  that 
intensity  modulations  are  of  amplitude  compara¬ 
ble  to  those  found  after  processes  (11);  they  are 
related  to  a  iow  damage  of  the  crystal  under  a  top 
layer  of  carbon.  The  relative  fractions  of  Te,  Hg 
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and  Zn  with  d  have  been  drawn  in  the  composi¬ 
tion  triangle;  the  points  remain  inside  a  circle  of 
radius  0.03,  whose  mean  value  corresponds  to 
HgQ9j(ZnnoxTe|  o()-  These  small  variations  corre¬ 
spond  here  also  to  a  constant  composition  crystal, 
which  must  be  that  of  the  bulk  under  a  relatively 
homogeneous  top  layer  of  about  10  to  15  A. 

The  mean  Hg/Te  ratio  is  the  highest  after 
process  (lla)  for  which  the  modulations  appear  a 
little  broadened  (cf.  Fig.  4a).  In  return  this  ratio 
is  lower  for  processes  (lib)  and  (III)  and  the 
modulation  slightly  pronounced.  This  may  be  ex¬ 
plained  by  a  crystal  terminated  mainly  by  Hg 
atoms  which  are  more  displaced  than  the  Te 
atoms  after  process  (Ila).  In  the  case  of  processes 
(Ilb)  and  (III),  the  crystal  will  be  terminated 
mainly  by  Te  atoms  which  are  less  displaced.  This 
explanation  would  be  consistent  with  the  unwet¬ 
tability  behaviour  of  the  surface  after  process 
(III).  However,  the  carbon  top  layer  is  not  suffi¬ 
ciently  characterized  to  assess  its  physicochemical 
properties.  There  is  little  difference  between  the 
compositions  of  this  layer  after  processes  (Ila) 
and  (III)  when  the  sample  surface  is  wettable 
after  the  first  process  (Ila)  and  unwettable  after 
the  second  (III). 

The  difference  between  atomic  fractions  de¬ 
duced  from  ARXPS  results  and  the  composition 
of  the  sample  are  attributed  to  the  effect  of  the 
upper  layer  coming  from  chemical  processes 
themselves. 


5.  Conclusion 

First  results  on  the  study  of  the  surface  of 
HgZnTe  are  given.  We  show  that  process  (III), 
where  the  oxidized  layer  present  at  the  sample 
surface  after  the  usual  bromine-methanol  treat¬ 
ment  is  removed  in  a  KCN  solution,  keeps  the 
stoichiometry  of  the  crystal  very  near  the  surface. 
Moreover,  the  lattice  is  slightly  damaged,  but  the 
crystal  is  covered  with  a  top  layer  containing 
mainly  carbon  and  some  oxygen;  its  depth  is 
about  10  A  and  appears  homogeneous.  The  same 
quality  of  the  near-surface  layer  is  obtained  with 
processes  (II)  where  an  anodic  oxyde  layer  is 


removed  by  an  acid.  The  difference  in  the  relative 
fractions  of  the  constituents  must  be  attributed  to 
the  effect  of  the  top  layer  and  gives  a  limit  in  the 
composition  precision  which  can  be  reached  by 
the  method  used. 

A  comparison  with  HgCdTe  remains  difficult, 
the  intensity  modulations  appear  stronger  than 
those  found  on  HgCdTe  surfaces  [1],  but  the 
crystallographic  orientations  of  the  samples  are 
not  the  same.  The  stoichiometry  near  the  surface 
is  conserved  in  HgZnTe  after  a  simple  chemical 
process,  which  is  consistent  with  the  higher  stabil¬ 
ity  y{  its  lattice  [2,4];  however,  the  simple  process 
wc  used  should  be  tested  also  on  Hg-rich  HgCdTe. 
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Abstract 

The  shape  and  position  of  the  p-n  junction  created  by  ion  beam  milling  was  studied  using  a  scanning  electron 
microscope.  The  shape  of  the  p-n  junction  demonstrates  the  diffusion-like  character  of  the  p-n  conversion  process. 
A  model  for  the  explanation  of  the  conversion  based  on  the  assumption  of  an  extremely  low  Hg  interstitial  migration 
energy  is  proposed.  A  comparison  with  radiotracer  self-diffusion  is  reported. 


1.  Introduction 

Most  as-grown  single  crystals  Hg,_^Cd^Te  are 
p-type  due  to  Hg  vacancies.  This  material  can 
usually  be  converted  to  n-type  by  annealing  at 
low  temperature  ( =  300°C)  in  an  Hg  overpressure 
[1-4]  or  by  ion-beam  milling  (IM)  [5-9].  Large 
discrepancy  between  mercury  diffusion  coeffi¬ 
cient  deduced  from  annealing  experiments  and 
IM  exists  [9]  and  it  is  not  completely  explained 
yet.  Tracer  diffusion  profiles  of  Hg  usually  con¬ 
tain  two  branches  (slow  and  fast)  with  diffusion 
coefficients  at  ~  400°C  in  the  range  of  ( D  » 
10“"-10~‘'  cmVs)  [10-13].  However  IM  experi¬ 
ments  can  be  explained  only  by  much  faster  diffu¬ 
sion  (D  =  10“'’  cm^/s)  at  temperatures  ~  50”C. 

In  our  paper  the  explanation  of  this  discrep¬ 
ancy  between  both  coefficients  based  on  the  as¬ 
sumption  of  an  extremely  low  interstitial  migra¬ 
tion  energy  is  given. 


*  Corresponding  author. 


2.  Experiment 

The  bulk  Hg,  _^Cd^Te  single  crystals  with  x  ~ 
0.21  were  produced  by  the  modified  Bridgman 
method  with  a  floating  source.  As-grown  crystals 
were  p-type.  Their  hole  concentration  was  in  the 
range  10''’-10'^  cm“'  and  the  mobility  varied 
between  250  and  7(K)  em’/V  ■  s  at  77  K.  A 
VEECO  ion  beam  etching  .system  was  used  with 
optimal  etching  parameters:  energy  of  neutral¬ 
ized  argon  ions  750  eV  and  current  density  600 
A  part  of  the  surface  of  some  samples 
was  coated  with  a  photoresist  mask  to  shield  it 
from  the  ion  beam.  The  samples  are  mounted  on 
a  water-cooled  copper  holder  by  a  heat-conduct¬ 
ing  grease.  The  sample  temperature  was  obtained 
during  the  IM  process  by  a  thermal  sensor 
(pyramids  from  Wood’s  metal)  and  did  not  ex¬ 
ceed  70°C.  Similar  results  were  reported  in  ref. 
[7]. 

Secondary  electron  (SE)  and  electron  beam 
induced  current  (EBIC)  observations  were  used 
to  determine  the  shape  and  position  of  the  p-n 
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junction  after  IM.  The  typical  scanning  electron 
microscope  (SEM)  parameters  were  25  keV,  10 
nA  beam  current  and  a  magnification  between  60 
and  300.  The  samples  were  investigated  with  the 
e-beam  perpendicular  to  the  cleaved  cross  section 
and  the  temperature  of  the  samples  was  75-100 
K.  Indium  was  used  to  provide  good  ohmic  con¬ 
tact  between  material  and  bonding  Au  leads. 


3.  Results 


4.  Theory  and  discussion  of  diffusion 

A  great  difference  between  Hg  diffusion  coef¬ 
ficients  deduced  from  IM  and  annealing  experi¬ 
ments  is  the  reason  why  the  ordinary  diffusion 
m'  ;hanisms  of  n-type  layer  creation  are  aban¬ 
doned  and  other  (nonstandard)  diffusion  mecha¬ 
nisms  are  looked  for  -  see  ref.  [7].  The  theory 
proposed  here  removes  this  apparent  discrepancy 
of  diffusion  coefficients  and  proves  that  the  ordi¬ 
nary  diffusion  mechanism  can  explain  both  the 
observed  phenomena. 


Fig.  1  shows  a  mixed  mode  SEM  micrograph 
(both  EBIC  and  SE  images  together)  of  cleaved 
cross  section  of  a  sample  which  was  prepared  by 
IM  (750  eV,  600  /lA/cm^,  25  min).  Before  milling 
one  half  of  the  sample  was  covered  by  a  photore¬ 
sist  mask.  It  can  be  seen  that  the  distance  of  the 
p-n  junction  from  the  milled  surface  is  uniform 
in  the  whole  sample  and  the  thickness  of  the 
n-type  layer  reaches  approximately  170  ^im.  In 
addition,  the  n-type  region  extends  deep  under 
the  photoresist  mask  (the  white  solid  line  on  the 
surface  of  the  sample  marks  the  position  of  the 
photoresist  mask). 


Fig.  I.  A  mixed  EBIC-SE  micrograph  of  the  cros.s  section  of 
sample  49-1.4-E6.  The  while  solid  line  marks  the  position  of 
the  photoresist  mask  which  shielded  a  part  of  the  sample  from 
ion  milling;  arrow  indicates  direction  of  incident  argon  ions. 


4. 1.  Diffusion  model  of  ion  milling 


During  IM  the  mercury  interstitials  (Hg,)  are 
liberated  near  the  surface.  Then  the  region  close 
to  the  bombarded  surface  of  the  sample  is  super¬ 
saturated  by  them  and  the  concentration  of  Hg, 
significantly  exceeds  their  thermal  equilibrium 
concentration  in  this  region.  Hg,  diffuse  either 
into  the  bulk  or  out  from  the  sample.  Conse¬ 
quently,  by  a  recombination  with  Hg,  the  concen¬ 
tration  of  Hg  vacancies  decreases  significantly 
and  residual  uncompensated  donors  convert  the 
region  into  n-type.  After  finishing  of  IM,  the  Hg, 
recombine  fast  and  their  concentration  returns  to 
the  thermal  equilibrium  one.  The  diffusion  of 
other  components  (Cd,  Te)  as  well  as  sputtering 
of  the  surface  during  IM  are  neglected  here. 

The  model  suggested  here  starts  from  the  as¬ 
sumption  that  diffusion  of  Hg  is  driven  by  a 
combined  interstitial-vacancy  mechanism.  The 
sample  is  homogeneous  with  plain  surface  at  co¬ 
ordinate  y  =  0.  The  coupled  one-dimensional 
equations  of  diffusion  for  the  Hg,  and  Hg  va¬ 
cancy  diffusion  read: 

dc.  fl’c, 

-^=D,-^-Rc,c^+SS{y),  (1) 

3r  3y 


3f 


ay' 


(2) 


where  c,  =c,(y.  f),  =c^,(>’,  r),  and  D,  and 

are  concentrations  of  interstitials  and  vacancies 
and  diffusion  coefficients,  respectively.  S  is  the 
source  of  the  interstitials  located  on  the  surface. 
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A  thennal  creation  of  vacancies  at  the  surface 
and  interstitial-vacancy  pairs  in  the  bulk  is  very 
weak  at  low  temperature  and  is  left  out  here, 
^(y)  is  the  Dirac  function.  R  represents  the  inter¬ 
stitial-vacancy  recombination  constant  [14]: 

R  =  ^tr(D^+D^)e-/ek^T,  (3) 

where  e,  e,  and  T  are  the  electron  charge,  the 
dielectric  constant,  the  Boltzmann  constant  and 
the  temperature,  respectively.  In  view  of  the  fact 
that  the  p-n  structure  is  long-time  stable  at  room 
temperature,  can  be  set  zero. 

Generally,  S  describes  also  a  loss  of  Hg,  dif¬ 
fusing  out  from  the  sample.  Thus  S  is  divided 
formally  into  two  parts  5  =  5,—  5,0, (0,  /),  where 
the  second  term  describes  the  above-mentioned 
case. 

The  concentration  of  vacancies  has  decreased 
significantly  in  the  converted  n-type  region.  Thus 
the  recombination  term  in  Eq.  (1)  can  be  ne¬ 
glected  there  and  diffusion  of  Hg  is  driven  by  the 
diffusion  coefficient  D,. 

Eqs.  (1)  and  (2)  were  solved  numerically  for 
initial  conditions  and  model  parameters  c,(y,  0) 
=  0,  c,(y,  0)  =  10*'’  cm-’,  D,  =  It)-'’  cm  Vs,  £>, 
=  0,  T=  320  K,  5|  =  10"  cm -Vs  and  ,9,  =  5  x 
10"’  cm/s.  At  time  t  =  1500  s,  the  source  5,  was 
switched  off  (,9|(/ >  1500  s)  =  0).  The  resulting 
C|(>’,  t)  is  shown  in  Fig.  2.  Starting  IM  at  /  =0,  c, 
increases,  Hgj  diffuse  into  the  bulk  and  recom- 


Fig.  2.  The  example  of  <  |(  ,v.  i)  calculated  for  model  parame¬ 
ters  given  in  the  text.  The  surface  with  source  is  at  y  =  D.  The 
dashed  line  shows  the  position  of  the  p-n  junction. 


bine  with  Hg  vacancies,  and  consequently  the 
n-type  region  is  created.  After  switching  off  the 
source  Hg,  recombine  at  the  p-n  junction  and  on 
the  surface  and  their  concentration  decreases 
quickly. 


4.2.  Tracer  self-diffusion 


The  model  of  annealing  describes  diffusion  in 
a  crystal  at  chemical  equilibrium,  i.e.  uniform 
chemical  and  native  defect  composition  (self-dif¬ 
fusion).  This  regime  is  invariably  studied  using 
radiotracers,  therefore  involving  a  net  isotopic 
flux.  Similarly  as  in  the  case  of  IM,  the  isotopic 
flux  is  described  by  the  coupled  one-dimensional 
equations  of  diffusion  for  the  Hg  radiotracers  in 
the  interstitial  and  lattice  sites; 


dc, 

—  =D. 


d-C, 


df 


dv 


Till! 


f.r. 


K,  ) 


5(.v). 


d/ 


=  D, 


f\  d-c 
Tliy  ^*.V 


■  tif 


Mg 


S(.v). 


(4) 


Here  c,,  Cl.  /Cp  and  are  radiotracer 
interstitial  and  lattice  sites  concentration!;,  the 
total  Hg  lattice  sites  concentration,  the  Frenkel 
constant  and  the  Hg  pressure,  respectively.  The 
last  terms  with  8-function  describe  transprrrt  of 
radiotracers  through  the  surface.  S,  and  .9[  are 
pressure-independent  model  parameters.  Note 
that  due  to  chemical  equilibrium,  a  but  is 
independent  of  y  and  t. 

Eqs.  (4)  and  (5)  can  be  simplified  if  we  realize 
that  the  generation-recombination  terms  (pro¬ 
portional  to  R)  exceed  by  several  orders  of  mag¬ 
nitude  those  with  time  and  space  derivatives.  This 
means  that  e,  and  r,  arc  locally  near  the  equilib¬ 
rium  [15]  where 


T|  ~  ^FTl./T|ig<\  . 


(b) 
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Summing  (4)  and  (5)  and  substituting  (6),  the 
equation  for  total  radiotracer  diffusion  is  ob¬ 
tained  in  the  form 


9Cy  9’c-r 

9/  9y’ 


+  S'Y 


s(y). 


(7) 


where  is  total  radiotracer  concentration  = 

C,  +Cl. 

5-r  =  (5,+5LcJPH,.  (8) 

and  D*|g  is  Hg  self-diffusion  coefficient, 

Dtn  =  (O.Tfp  +  D,cl)/{c„^c,  +  K,).  (9) 

Assuming  »  Kf,  Eq.  (9)  can  be  rewritten 
in  a  more  visual  form; 


—  (  7)iC|j  H- )/CHg,  (10) 

where  C|j  is  total  Hg,  concentration. 

The  dependence  of  D*,g  on  agrees  with 
the  form  obtained  experimentally  in  ref.  [II].  At 
low  is  high.  T  hen  the  diffusion  occurs  by 

the  vacancy  mechanism,  given  by  the  second  term 
in  numerator  of  (10)  and  D*^g  is  proportional  to 
At  high  P„g,  Cy  is  low,  the  diffusion  occurs 
by  the  interstitial  mechanism  given  by  the  first 
term  in  numerator  of  (10)  and  D*,g  is  propor¬ 
tional  to  fug. 

From  this  expression,  a  qualitative  estimate  of 
the  relation  between  and  O,  during  anneal¬ 
ing  experiments  can  be  done.  The  exact  equilib¬ 
rium  concentration  of  Hg,  is  not  known.  Theoret¬ 
ical  calculation  of  Herding  and  co-workers  [16] 
yields  10“’’  at  500°C  and  ~  lO””  at 

300°C.  This  results  in  a  huge  difference  between 
D,  and  D,*^.  Although  the  theoretical  calculation 
of  c,,  may  be  questionable,  it  is  evident,  that  in 
any  case  D,  exceeds  by  many  orders  of 
magnitude. 

Generally,  the  temperature  dependence  of  D, 
is  mostly  described  by  the  Arrhenius  exponential 
where  Hg,  migration  activation  energy  defines  its 
slope.  Deducing  from  ref.  [16],  this  energy  is  very 
low  ( <  0.2  eV).  This  means  that  by  decreasing 
the  temperature  to  room  ones,  D,  will  not  be 
significantly  changed  in  comparison  with  high- 
temperature  values. 


5.  Conclusion 

The  shape  and  position  of  the  p-n  junction 
created  by  ion  beam  milling  was  studied  using 
scanning  electron  microscopy.  The  shape  of  the 
p-n  junction  demonstrates  the  diffusion-like 
character  of  the  p-n  conversion  process.  The 
e.stimates  explain  that  the  great  value  of  the  dif¬ 
fusion  constant  of  mercury  interstitials  D,  ob¬ 
served  during  ion  b^  ■'.m  milling  experiments  is  not 
in  contradiction  with  standard  values  of  radio- 
tracer  mercury  self-diffusion  constant  estab¬ 
lished  from  equilibrium  annealing  experiments. 

This  work  was  supported  in  part  by  the  Hun¬ 
garian  National  Scientific  Research  Fund  under 
contract  No.  OTKA  T7615. 
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Abstract 

Firstly,  we  have  studied  the  indium  doping  concentration  dependence  of  the  electrical  properties  of  Hg,,  yCd,,  ,Te 
monolayers  grown  by  liquid  phase  epitaxy  (LPE).  Below  the  indium  concentration  of  I  x  10"*  cm  nearly  lOO^r  of 
indium  was  electrically  active.  Indium-doped  Hg,,  yCd,,  ,Tc/undopcd  Hg^^Cd,,  ,Te/CdTc  heterojunction  was  grown 
in  a  double  bin  graphite  boat,  using  a  slider  LPE  technique.  After  the  growth,  Hg-annealing  was  performed.  An 
n-type  HgosCd,,  ,Tc  layer  was  formed  just  beneath  the  Hg„7Cd„iTe  cap  layer  by  Hg-diffusion.  The  HgnxCdu  iTe 
p-n  homojunction  formed  thereby  would  have  no  misfit  defects. 


1.  Introduction 

Mercury  cadmium  telluride  (HgCdTe)  is  the 
most  important  semiconducting  material  for  the 
fabrication  of  infrared  photon  detectors  and 
imaging  arrays  [1-3],  However,  the  low  junction 
impedance  and  high  leakage  current  have  been 
the  major  challenges  for  HgCdTe  photodiodes  to 
be  used  for  the  detection  of  8-12  jim  infrared. 
Heterojunctions  (wide  bandgap  on  narrow 
bandgap  HgCdTe)  have  been  considered  as  a  way 
of  increasing  the  performance  of  HgCdTe  photo¬ 
diodes  by  many  authors  [4-6]. 

In  the  frontside  illumination  mode,  photon 
absorption  takes  place  near  the  surface  of  the 
HgCdTe  layer.  Therefore,  the  recombination  of 
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photo-carriers  at  the  interface  between  the  insu¬ 
lating  layer  and  HgCdTe  reduces  the  quantum 
efficiency.  If  a  wide  bandgap  HgCdTe  film  is 
deposited  onto  the  narrow  bandgap  HgCdTe,  ab¬ 
sorption  of  the  desired  radiation  (longer  wave¬ 
lengths)  will  occur  mainly  in  the  narrow  bandgap 
photoabsorbing  layer.  Here,  the  wide  bandgap 
HgCdTe  acts  as  a  spectral  filter  for  the  incident 
radiation  [7],  Therefore,  this  kind  of  heterojunc¬ 
tion  is  expected  to  reduce  the  surface  recombina¬ 
tion  and  background  photon  flux. 

Most  of  the  HgCdTe  p-n  heterojunctions 
grown  by  LPE  (liquid  phase  epitaxy)  have  under¬ 
gone  a  two-step  process  of  growing  sequentially 
p-  and  n-type  layers  with  using  Te-rich  and  Hg- 
rich  solutions  [8,9],  Recently,  p-Hg„7^Cdn25Te/ 
p-Hg„7xCd„22Te/CdTe  grown  by  using  only  a 
Te-rich  slider  LPE  process  was  reported  by  Ya- 
sumura  et  al.  [10].  In  this  study,  we  have  grown 
n-Hg„  7Cd„  ,Te/  p-Hg|,«Cd„2Te/  CdTe  hetero- 
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Fig.  1.  Schematic  diagram  of  a  double-bin  slider  boat  for  LPE 
growth  of  HgCdTe  DLHJs. 


junctions  by  indium  doping  in  a  double-bin 
graphite  boat,  using  a  Te-rich  slider  type  LPE. 
The  characteristics  of  the  heterojunction  will  be 
discussed. 


2.  Experimental  procedure 

HgCdTe  layers  were  grown  on  CdTe  (IIDA 
substrates  (12  x  12  mm^)  by  LPE  technique,  us¬ 
ing  a  double-bin  graphite  slider  boat  (Fig.  1) 
under  purified  hydrogen  flow  at  atmospheric 
pressure.  Mercury  vapor  loss  from  the  growth 
solutions  was  precisely  controlled  in  a  specially 
designed  boat.  The  mercury  overpressure  created 
by  a  HgTe  source  next  to  each  melt  bin  was  used 
to  compensate  for  the  mercury  loss  from  each 
growth  solution  [11].  The  weight  gain  of  each 
growth  solution  measured  at  the  growth  start 
temperature  was  used  to  determine  the  optimum 
growth  temperature,  with  using  the  Maudes 
equations  [12].  The  compositions  of  the  growth 
solutions  and  the  growth  temperatures  used  are 
listed  in  Table  1. 

For  the  growth  of  n-type  Hg(i7Cd|,3Te  layers, 
indium  was  doped  in  the  growth  solution.  Te 
ingots  containing  0.01%  indium  were  used  for  the 
synthesis  of  growth  solutions.  Indium  concentra- 

Table  I 

The  composition  of  the  growth  solutions  and  the  growth 
temperatures  for  HgCdTe  double  layer  heterojunctions 

Composition  of  solution  Growth 

temperature 

CO 

HgiinCddjTe  Hg:Cd:Te  =  0.1 50: 0.007 :0,84.'l  475.1-465.9 
Hg„7Cd„,Te  Hg:Cd:Te  =  0.1 14:0.009:0.877  465.9-465.1 


tions  (atoms/cm’)  in  the  growth  solutions  were 
measured  by  AA  (atomic  absorption  analysis). 
SIMS  (secondary  ion  mass  spectrometry)  was  used 
to  determine  the  indium  concentrations  in  the 
HgCdTe  epi-layers,  using  ©2^  ions  as  a  primary 
ion  beam.  The  segregation  coefficient  of  indium 
(K)  was  calculated  from  the  AA  and  SIMS  data. 

For  the  double  layer  heterojunction  (DLHJ), 
the  composition  of  the  base  layer  was  determined 
by  a  Fourier  transform  infrared  spectrometer 
(FTIR),  using  a  relationship  by  Finkman  and 
Schacham  [13].  A  wavelength  dispersive  spec¬ 
trometer  (WDS)  was  used  to  determine  the  com¬ 
position  of  the  cap  layer  and  the  composition 
grading  width. 

Hg-annealing  was  carried  out  in  a  sealed  quartz 
ampoule.  Annealing  was  done  at  250°C  for  sev¬ 
eral  hours,  with  the  samples  kept  5°C  warmer 
than  the  Hg  reservoir  to  prevent  condensing  of 
mercury  on  the  sample.  Differential  Hall  mea¬ 
surement  was  used  to  determine  the  junction 
depth  (t^  and  the  electrical  properties  [14]. 


3.  Results  and  discussion 

3.1.  Indium-doped  Hg^  yCdf,  ^Te 

An  undoped  HgCdTe  layer  grown  using  a  Te- 
rich  solution  is  usually  of  p-type  conductivity  with 
a  high  hole  concentration  due  to  Hg  vacancies 
which  act  as  doubly  ionized  acceptors  [15].  Hg- 
annealing  at  2()0-250°C  reduces  the  Hg  vacancy 
concentration  in  HgCdTe,  the  conduction  types 
being  determined  by  residual  impurities  [16].  To 
obtain  an  n-type  conductivity  accurately,  inten¬ 
tional  donor-doping  is  needed.  The  most  widely 
used  n-type  dopant  for  HgCdTe  is  indium  [17]. 
Firstly,  we  have  determined  the  segregation  coef¬ 
ficient  of  indium  in  our  Te-rich  LPE  process.  The 
indium  concentration  in  the  growth  solution  was 
2.7x10"*  cm'*  and  that  in  the  epi-layer  was 
7.5  X  10'**  cm'*,  resulting  in  a  segregation  coeffi¬ 
cient  (/k)  of  2.8. 

We  have  studied  the  indium-doping  concentra¬ 
tion  dependence  of  the  electrical  properties  of 
LPE  grown  Hgn7Cd„,Te  monolayers.  Hg^, 
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Fig.  2.  Carrier  concentrations  measured  at  77  K  (cm“  ’)  for 
In-doped  Hg|,7Cd|i3Te  monolayers  versus  concentrations  of 
indium  in  the  layers  measured  by  SIMS  (cm“')  after  the 
Hg-annealing  at  250°C  for  35  h. 


Fig.  3.  Surface  morphology  of  HgCdTe  DLHJ  grown  by  LPE 
on  CdTe  (1 1  DA  substrate. 


Cdfl  jTe  layers  were  grown  using  the  growth  solu¬ 
tions  doped  with  different  concentrations  of  in¬ 
dium.  These  layers  were  Hg-annealed  at  250°C 
for  35  h  to  remove  the  Hg  vacancies  and  activate 
the  indium.  Fig.  2  shows  the  carrier  concentra¬ 
tions  measured  at  77  K  versus  the  concentrations 
of  indium  in  the  layers.  Below  the  doping  of 
1  X  10'**  cm"’,  In-doping  is  well  controlled.  In 
other  words,  nearly  100%  of  indium  was  electri¬ 
cally  active.  The  carrier  concentration  levels  off 
at  2  X  lO'**  cm"’.  This  is  probably  because  the 
.solubility  limit  is  reached  as  the  indium  concen¬ 
tration  approaches  2x  10'”  cm"’.  A  similar  re¬ 
sult  has  been  reported  from  MOVPE  materials 
[16].  Our  result  supports  the  idea  that  above  the 
solubility  limit,  most  of  the  indium  atoms  remain 
as  electrically  inactive  In  complexes,  like  InjTe,. 
with  only  a  small  fraction  of  indium  in  Hg  lattice 
sites  playing  the  role  of  active  donors  [18]. 

3.2.  As-grown  double  layer  heterojunction 

For  the  growth  of  DLHJ,  an  undoped 
HgogCdo  jTe  base  layer  was  grown  first  on  the 
CdTe  substrate,  using  a  Te-rich  solution.  Subse¬ 
quently,  a  HgoyCdojTe  cap  layer  doped  with 
indium  of  5  X  10'*  cm"’  was  grown  onto  the  base 
HgflgCdo  jTe  layer.  DLHJs  were  free  of  melts  left 
on  the  surface  and  looked  like  mirrors.  Terrace 
structures  were  observed,  due  to  small  misorien- 


tations  of  the  substrates  from  the  exact  (111) 
orientation  (Fig.  3). 

Fig.  4  shows  the  room  temperature  FTIR 
transmission  spectra  for  a  DLHJ.  From  the  FTIR 
spectra,  the  composition  x  of  the  base  layer 
(Hg,_^Cd^Te)  was  measured  to  be  0.205.  Since 
the  composition  of  the  cap  layer  could  not  be 
measured  by  FTIR  due  to  absorption  of  infrared 
by  the  base  layer  of  the  lower  energy  band  gap,  it 
was  measured  by  WDS.  The  cadmium  composi¬ 
tion  measured  across  the  cleaved  surface  is  shown 
in  Fig.  5.  The  cap  layer  composition  x  was  0.3 
and  the  composition  grading  width  was  thinner 
than  0.5  /xm.  The  entire  layer  thickness  and  the 


Fig.  4.  Room  temperature  FTIR  transmission  spectra  for 
DLHJ. 
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Fig.  5.  Cadmium  compositional  profile  of  HgCdTe  DLHJ 
measured  across  epitaxial  layers  on  cleaved  surface. 


cap  layer  thickness  were  15  and  1.8  /rm,  respec¬ 
tively. 

Fig.  6  shows  the  SIMS  depth  profile  data  of 
the  indium  concentration  in  an  as-grown  DLHJ 
which  has  the  cap  layer  doped  with  indium  of 
5  X  lO'*’  cm"\  We  can  see  that  an  indium  con¬ 
centration  of  9  X  10 cm'’  exists  throughout  the 
undoped  base  layer.  Indium  diffusion  from  the 
indium-doped  growth  solution  bin  to  the  un¬ 
doped  growth  solution  during  the  LPE  growth 
might  be  the  major  cause  of  this  result. 


Fig.  6.  SIMS  depth  profile  of  indium  concentration  in  as-grown 
DLHJ. 


Fig.  7.  The  p-n  junction  depth  as  a  function  of  Hg-annealing 
time  at  250°C  for  the  DLHJ  having  a  cap  layer  doped  with 
indium  of  5x  lO''’  cm“  '. 


3.3.  Hg-annealed  double  layer  heterojunction 

Misfit  dislocations  are  usually  observed  at  the 
HgCdTe  heterojunction  interface,  due  to  the  lat¬ 
tice  mismatch  [19].  Misfit  dislocations  are  be¬ 
lieved  to  act  as  recombination  centers  in  pho¬ 
todetectors.  Therefore,  it  is  desirable  to  position 
the  p-n  junction  in  the  base  Hg|,xCd„,Te  layer 
in  which  no  misfit  dislocations  exist. 

In  this  study  we  tried  to  position  the  p-n 
junction  within  the  HgoitCdu  jTe  base  layer,  using 
a  low  temperature  Hg-annealing  at  250°C.  The 
diffused  mercury  lowers  the  density  of  the  Hg 
vacancies  below  that  of  the  indium  concentra¬ 
tions,  converting  the  top  part  of  the  base  layer  as 
well  as  the  cap  layer  to  n-type.  The  carrier  con¬ 
centrations  of  n-type  layers  are  determined  by  the 
indium  concentration  in  the  HgCdTe  layers.  The 
thickness  of  the  n-type  Hgn  xCd„  2Te  layer  can  be 
controlled  by  the  Hg-annealing  time. 

To  place  the  p-n  junction  at  a  desired  depth 
in  the  base  layer,  we  have  done  some  diffusion 
experiments.  Fig.  7  shows  the  p-n  junction  depth 
as  a  function  of  Hg-annealing  time  at  ZSC'C  for  a 
DLHJ  with  the  cap  layer  containing  indium  of 
5  X  10'*’  cm'’.  Junction  depths  have  been  mea¬ 
sured  by  differential  Hall  measurements.  From 
Fig.  7,  we  could  obtain  the  two  unknown  parame¬ 
ters,  i.e.,  constant  value  A  and  the  activation 
energy  £„,  in  the  diffusion  equation  of 

xfN^/ lime  =A  exp(  -E.JkT), 

where  k  is  Boltzmann’s  constant  and  T  is  the 
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Fig.  8.  Schematic  drawing  of  the  cross  section  after  Hg-an- 
nealing  at  250°C  for  I  h. 

annealing  temperature  in  kelvin,  is  the  junc¬ 
tion  depth  and  is  the  initial  vacancy  concen¬ 
trations  [20].  and  A  were  determined  as  0.47 
eV  and  7.5  X  10^^  cm“'  s“',  respectively. 

From  these  experiments,  we  could  show  that 
the  p-n  junction  was  located  5  /xm  down  from 
the  surface  after  Hg-annealing  for  1  h.  Fig.  8 
depicts  a  schematic  drawing  of  the  cross  section 
for  this  case.  This  DLHJ  consists  of  three  differ¬ 
ent  layers.  The  first  layer  is  the  n-type 
Hg„7Cdo,3Te  with  1.8  /xm  thick.  The  second  layer 
is  n-type  HgojCdojTe  with  a  carrier  concentra¬ 
tion  of  9  X  10*^  cm"^  and  its  thickness  is  3.2  /tm, 
which  were  confirmed  by  SIMS  and  differential 
Hall  measurement.  The  formation  of  this  second 
layer  is  the  result  of  the  Hg-diffusion.  The  third 
layer,  which  is  10  /xm  thick,  shows  p-type  conduc¬ 
tivity  with  carrier  concentration  of  5  x  10'^  cm 
due  to  the  as-grown  Hg  vacancies.  Therefore,  a 
p-n  junction  was  formed  between  n-type 
HgogCdfljTe  and  p-type  HgogCdp^Te.  The 
HgogCdojTe  p-n  homojunction  formed  thereby 
would  have  no  misfit  defects  and  no  band  discon¬ 
tinuity. 

Since  this  Hg^gCdg  jTe  p-n  homojunction  also 
has  the  wide  band  gap  cap  layer  of  Hgg  yCdo.jTe 
on  top  of  it,  a  LWIR  photodiode  with  good 
detectivity  is  expected  from  this  structure  if  other 
device  processing  details  such  as  passivation  are 
optimized  later  on. 


Hgi  .Cd.Te  (x=0.3).  |nl=5«10'‘cin ' 

Hg,  ,CdJe  (»=0.2),  In|=9xl0'’cm  ' 
pn-homojuncuon 

Hg,..Cd.Te  (x=0.2>.  Ipl=5xl0'’cm' 

CdTe  substrate 


4.  Summary 

We  have  demonstrated  the  growth  of  In-doped 
Hg„7Cd„  ,Te/undoped  Hg„gCd„2Te/CdTe  het¬ 


erojunctions,  using  a  Te-rich  slider  LPE  tech¬ 
niques.  The  cap  layer  thickness  was  1.8  /xm  and 
the  composition  grading  width  was  thinner  than 
0.5  fxm. 

A  p-n  homojunction  was  formed  within  the 
HgogCdfl  jTe  base  layer  by  Hg-annealing  at  250°C 
for  1  h.  In  conjunction  with  the  wide  band  gap 
cap  layer  of  Hgo7Cdo3Te,  this  Hgy  gCdojTe  p-n 
homojunction  having  no  misfit  defects  and  no 
band  discontinuity  is  expected  to  bring  forth  a 
LWIR  photodiode  with  good  detectivity. 
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Abstract 

Buffered  structures  of  HgagCd„2Te/C(i„g^Zn„„^Tc/Cd„,,-)Zn„(,{re  were  grown  by  a  slider  LPE  technique  and 
their  material  properties  were  compared  with  those  of  HgQj,Cdo,2Te/Cdn97ZnnQ,Te  structures  which  have  no  buffer 
layer.  Photoluminescence  spectroscopy  (PL)  was  used  to  determine  the  compositions  of  the  buffer  layers  and  the 
substrates  and  analyse  the  impurities  in  the  buffer  layers.  Auger  electron  spectroscopy  (AES)  was  used  to  analyse 
impurities.  Either  sodium  or  lithium  related  donor-acceptor  pair  (DAP)  peaks  were  observed  in  the  substrate,  but 
not  in  the  CdocuZnoMTe  buffer  layer.  AES  analysis  revealed  that  the  substrate  eontained  .some  impurities  such  as 
Si,  Al,  O,  K,  Fe,  and  Mg.  In  the  Cd„94Zno^Te  buffer  layer,  the  above  impurities  were  not  detected.  The 
distribution  of  dislocations  in  the  epi-layers  were  analysed  by  defect  etching  as  well  as  double  crystal  X-ray 
diffraction.  For  the  buffered  structure,  most  misfit  etch-pits  were  located  just  above  the  interface  between  the 
HgosCdn2Te  and  Cdo94Znn,()6Te  buffer,  and  their  density  was  much  lower  than  that  in  the  unbuffered  structure,  in 
which  etch-pits  were  distributed  rather  broadly  in  the  epi-layer.  Electrical  properties  of  the  HginCdujTe  epi-layers, 
which  were  Hg-annealed  at  250°C,  were  analysed  by  Hall  measurement  at  77  K.  The  buffered  structure  showed  the 
carrier  concentrations  of  7  x  10'^  to  1  x  10'^  cm  ■  ’  and  Hall  mobilities  of  2  to  5  x  lO'^  em'/V  ■  s. 


1.  Introduction 

Hgj^^jCd^Te  is  the  most  widely  used  material 
for  infrared  (IR)  detectors.  The  energy  band  gap 
of  Hg|_4Cd_,Te  varies  with  the  mole  fraction  of 
CdTe  (jr).  HgogCdo  jTe  has  the  energy  band  gap 
of  0.1  eV,  therefore  being  exclusively  used  for 
detecting  infrared  of  8-12  /cm. 

Liquid  phase  epitaxy  (LPE)  has  become  a  ma¬ 
jor  manufacturing  process  of  Hg,  _^Cd4Te  for  the 
last  decade.  Hg,  .^Cd^Te  materials  grown  by  LPE 
have  both  uniform  composition  and  excellent 
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electrical  properties.  CdZnTe  and  CdTe  have 
been  used  as  substrates  for  LPE  growth  of 
Hg|_,Cd^Te.  The  electrical  property  of  a 
Hgi.^Cd^Te  epi-layer  depends  largely  on  the 
impurity  concentration  and  crystalline  defects  of 
the  substrate  [1].  Hgj.jCd^Te  epi-layers  can  be 
contaminated  by  impurities  in  the  substrate  [2]. 
Not  only  dislocations  in  the  substrate  but  also 
misfit  dislocations  created  at  the  interface  propa¬ 
gate  into  the  epi-layers,  deteriorating  the  electri¬ 
cal  properties. 

In  this  paper  we  have  tried  to  improve  the 
electrical  properties  of  LPE-grown  Hg(,sCdo2Te 
by  inserting  a  buffer  layer  CdQ94Zn„  o(,Te  be¬ 
tween  the  Hgn.gCdn  jTe  epi-layer  and  the  Cdp,, 
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ZiioojTe  substrate.  Electrical  and  defect-related 
properties  of  the  buffered  structures  were  com¬ 
pared  to  those  of  the  unbuffered  structures  of 

^8  0.8  0.2^®  /  0.97  0.03TC  • 


2.  Experimental  procedure 

LPE  growths  of  Hg(,sCdo2Te  epi-layers  and 
Cdo.94Zn„n6Te  buffer  layers  were  carried  out, 
using  an  open  tube  slider  system  [3].  The  solution 
compositions  and  temperature  ranges  used  for 
the  growths  are  given  in  Table  1.  Cdo^yZno.oaTe 
with  (11  DA  orientation  and  of  the  size  12  x  12 
mm^  were  used  as  substrates. 

After  a  Cdot^Znoo^Te  buffer  layer  was  grown, 
it  was  taken  out  of  the  boat  and  etched.  A 
HgfljjCdojTe  epi-layer  of  25  /xm  thickness  was 
grown  on  top  of  it.  Isothermal  Hg-annealing  at 
250°C  for  40  hr  was  performed  to  convert  the 
as-grown  p-type  Hg„2,Cdo2Te  to  n-type. 

LPE  grown  epi-layers  were  characterized  as 
follows.  PL  spectra  were  obtained  at  12  K  both 
for  the  substrate  and  buffer  layers.  Ar  ion  laser 
was  used  as  an  excitation  source.  The  spectral 
resolution  was  1  A.  Impurities  on  the  surface  of 
the  substrate  and  buffer  layers  were  analysed  by 
Auger  electron  spectroscopy  (AES).  Just  before 
the  analysis,  the  surface  of  the  substrate  and 
buffer  layers  were  sputtered  by  .Ar^  ions.  Com¬ 
positions  of  the  Hgd^Cdd  jTe  layers  were  deter¬ 
mined  from  the  cut-on  wavelengths  on  the  IR 
transmittance  curves.  Hall  effect  measurements 
were  performed  on  Hg-annealed  specimens  at  77 
K  to  obtain  electrical  properties. 

The  distributions  of  dislocations  in  the 
HgflgCdo  jTe  epi-layer,  the  buffer  layer,  and  the 
substrate  were  studied  by  defect  etching  of  both 


Table  I 

Solution  compositions  and  temperature  ranges  for  LPE  growth 
of  Cd„,^,Zn,|onle  and  Hg„„Cd,i  2Te  epi-layers 


Solution  composition 

Growth 

(mole  fraction) 

temperature 
range  {°C) 

^^o.()2(»Z^n.onn«^®o.97K.3 

513-493 

H8{i,8Cd„2Te 

1598^^0.00«l^ ®0.«.122 

478-468 

WAVELENGTH(A) 


Fig.  1.  PL  spectrum  of  (a)  the  CdQ97Zn|)|,iTe  substrate  and 
(b)  the  Cdog4Zn»(v,Te  buffer  layer. 


(11  DA  as-grown  and  (110)  cleaved  surfaces,  using 
Polisar  II  [4],  Nakagawa  [5],  and  a  new  etchant 
[6],  respectively.  The  crystallinity  was  evaluated 
using  a  double  crystal  X-ray  diffractometry 
(DCX).  InSb  was  used  as  the  first  crystal.  Full 
widths  at  half  maximum  (FWHM)  of  double  crys¬ 
tal  rocking  curves  (DCRC)  were  obtained  at  dif¬ 
ferent  depths  of  the  specimen  by  repeated  etch¬ 
ing  and  measuring. 


3.  Results  and  discussion 

3.1.  PL  characteristic  o/Cd,,  94  Zn„,|ftTe  buffer  lay¬ 
ers 


Figs,  la  and  lb  show  PL  spectra  obtained  from 
a  substrate  and  a  buffer  layer,  respectively.  The 
peak  position  of  free  exciton  (X)  was  used  to 
determine  the  ZnTe  mole  fraction  in  both  buffer 
layers  and  substrates  [7].  The  ZnTe  mole  fraction 
of  the  buffer  layer  determined  from  the  PL  spec¬ 
trum  was  about  0.060.  This  value  matches  very 
well  with  the  result  of  wavelength  dispersive  spec¬ 
trometry  (WDS)  analysis  (about  0.061).  The  ex¬ 
perimental  error  in  the  WDS  measurement  of 
ZnTe  was  ±0.1  at%. 
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Table  2 

Electrical  properties  of  Hg-annealed  Hg,  _,Cd^Te  at  77  K 


Sample  No. 

Composition, 

X 

Carrier  concentration 
(cm“’) 

HaU  mobility 
(cmVV  ■  s) 

Type 

Remark 

1 

0.205 

1.2  X  lO''* 

4.1  X  10' 

n 

Buffered  structure 

2 

0.210 

7.0  X  10” 

3.3  X  10' 

n 

Buffered  structure 

3 

0.205 

9.8  X  10” 

2.4  X  10' 

n 

Buffered  structure 

4 

0.206 

1.0  X  10” 

5.8  X  10' 

n 

Buffered  structure 

5 

0.203 

1.5  X  10” 

1.2  X  10' 

n 

Unbuffered  structure 

6 

0.204 

2.0  X  10” 

8.3  X  10' 

n 

Unbuffered  structure 

The  PL  spectrum  of  the  substrate  has  free 
exciton  (X)  and  bound  exciton  ((X,  A°),  (X,  D")) 
peaks.  The  peaks  at  1.5950  and  1.5868  eV  are 
LO-phonon  replica  peaks  of  X  and  (X,  A"),  re¬ 
spectively  [8].  The  peaks  at  1.5729,  1.5664  and 
1.5598  eV  are  thought  to  be  donor-acceptor  pair 
(DAP)  peaks  [9-14].  The  peak  at  1.5664  eV  seems 
to  be  due  to  nitrogen  (N)  and  the  one  at  1.5598 
eV  to  either  sodium  (Na)  or  lithium  (Li)  impuri¬ 
ties  [9].  The  origin  of  the  peak  at  1.5729  eV  could 
be  some  other  acceptor  impurity. 

The  PL  spectrum  of  the  LPE  grown  Cdo.<)4 
Zn(,,y,Te  buffer  layer  is  somewhat  different  from 
the  one  of  the  substrate.  Firstly,  the  ratio  of  X  to 
(X,  a”)  emission  peak  heights  is  larger  than  that 
of  the  substrate.  Cooper  et  al.  [15]  used  the  ratio 


of  X  to  (X,  a")  as  a  measure  of  crystal  quality  in 
CdTe.  The  ratio  was  0.19  for  the  buffer  layer, 
compared  to  0.077  for  the  substrate.  The  higher 
X/(X,  a")  ratio  for  the  buffer  layer  is  thought 
due  to  reduction  of  impurities  in  the  buffer  layer. 
Secondly,  in  the  buffer  layer,  the  DAP  peak, 
which  was  considered  to  be  related  to  Na  or  Li 
impurities,  disappeared.  The  buffer  layer  seems 
to  have  effectively  blocked  Na  or  Li  impurities. 
Reduction  of  impurities  in  the  buffer  layer  is 
shown  also  by  AES  analysis  (see  next  section). 

3.2.  Electrical  properties  of  Hgn  ifCd,,  ^Te 

Table  2  shows  the  results  of  Hall  effect  mea¬ 
surements  at  77  K  for  250°C  Hg-anncaled  speci- 


Fig.  2.  Auger  spectrum  of  the  surface  of  Cdnv7Zn„|„Te  substrate. 
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Fig.  3.  Auger  spectrum  of  the  surface  of  Cd„  „Zt)|,  |^Te  buffer  layer. 


mens.  The  buffered  structures  have  excellent 
electrical  properties:  carrier  concentrations  of  7.0 
X  10’’  to  1.2  X  10'“  cm-^  and  Hall  mobilities  of 
2.4  to  5  X  10'’  cm^/V  ■  s.  Our  result  is  one  of  the 
best  ever  reported,  comparable  to  those  of  Astles 
et  al.  [16]  and  Pelliciari  et  al.  [17].  From  the  Hall 
effect  measurements,  we  conclude  that  the  con¬ 
centration  of  residual  impurities  in  the  buffered 
epi-layer  is  much  smaller  than  that  in  the  un¬ 
buffered  layer. 


Impurities  in  substrate  and  buffer  layer  were 
analysed  by  AES.  Fig.  2  shows  the  AES  spectrum 
of  the  surface  of  the  substrate.  Some  granular 
defects  were  observed  on  the  surface.  Si.  Al,  O, 
K,  Fe,  and  Mg  elements  are  found  in  the  granu¬ 
lar-type  defects.  These  impurities  might  have  been 
introduced  into  the  substrate  during  either  crystal 
growing  or  wafering  process  [18,19].  Fig.  3  shows 
the  result  of  AES  analysis  of  the  buffer  layer.  No 
granular  defects  have  been  found  in  the  buffer 


Fig.  4.  SEM  micrographs  of  the  cross  sections  of  HgnsCdoiTe  layers  which  were  defect  etched:  (a)  Hgo,Cd„,Te/Cd„„Znn,„Te 
unbuffered  structure;  (b)  Hg„,Cd„2Te/Cd„„Zn„„„Te/Cd„„Zn„„,Te  buffered  structure. 
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layer.  The  surface  of  the  buffer  layer  does  not 
contain  the  impurity  elements  which  were  ob¬ 
served  in  the  substrate. 

These  AES  analyses  as  well  as  the  PL  results 
described  in  the  former  section  show  that  the 
CdQ9..Znoof,Te  buffer  layer  improves  the  electri¬ 
cal  properties  of  Hgd  ^Cdo  jTe  epi-layer  by  block¬ 
ing  outdiffusion  of  impurities  from  the  substrate. 

3.3.  Crystallinity  of  Hg^  nCda  ^Te 

Figs.  4a  and  4b  show  the  distribution  of  etch- 
pits  on  the  (TlO)  cleaved  planes  of  the  buffered 
and  unbuffered  structures,  respectively.  These 
etch-pits  correspond  to  misfit  dislocations  caused 
by  the  lattice  mismatch  between  the  epi-layer  and 
the  buffer  layer  or  the  substrate.  For  the  buffered 
structures,  most  etch-pits  are  located  just  above 
the  interface  between  the  Hg(,^Cd„.2Te  epi-layer 
and  the  CdQ94Znoo4Te  buffer,  and  their  density 
is  much  lower  than  that  in  the  unbuffered  struc¬ 
ture,  in  which  etch-pits  are  distributed  rather 
broadly  in  the  epi-layer. 

The  etch-pit  distribution  was  observed  on  the 
surface  planes,  i.e.,  (lll)A  of  the  substrate,  the 
buffer  layer,  and  the  Hgo^Cdo  jTe  epi-layer,  re¬ 
spectively.  The  etch-pit  density  of  the  buffer  layer 
(=  1.8x  lO'’  cm“^)  is  about  5  times  higher  than 
that  of  the  substrate  (=3.4x10''  cm“^).  The 
HgogCdg  jTe  layer  shows  a  slightly  lower  etch-pit 
density  ( =  '’.7  x  lO"*  cm“^)  than  the  buffer  layer. 

A  serie'  of  double  crystal  rocking  curves 
(DCRC)  were  obtained  at  different  depths  for  a 
buffered  structure  and  the  results  are  shown  in 
Fig.  5.  We  can  see  from  the  relative  positions  of 
the  rocking  curves  of  the  layers  that  the  lattice 
constants  of  HgogCdojTe  epi-layer  Cd„,4 
Zno.oaTe  buffer  layer  («[,)  and  substrate  \af)  have 
the  following  order  in  magnitude;  a^>  a^>  Uy,. 
We  can  also  see  in  the  figure  that  the  lattice 
mismatch  between  the  Hgo^iCdojTe  and  the 
buffer  layer  is  larger  than  that  between  the 
HgflgCdojTe  epi-layer  and  the  substrate.  The 
ZnTe  mole  fraction  of  the  buffer  layer  was  calcu¬ 
lated  from  the  DCRC  peak  spacing  between  the 
HgCdTe  epi-layer  and  the  buffer  layer.  The  cal¬ 
culated  ZnTe  mole  fraction  (about  0.063)  agrees 
with  the  results  of  PL  and  WDS  analysis  (see 


Fig.  5.  Double  crystal  X-ray  rocking  curve  profiles  of  a  Hg„  g 
Cd„,Te/Cd„,,4Zn|,|,,Te/Cdn,7Zn|||,jTe  buffered  structure 
obtained  after  sequential  etching. 
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Fig.  6.  Depth  profiles  of  FWHM  (full  widths  at  half  maxi¬ 
mum)  of  double  crystal  X-ray  rocking  curve  in  a  HgogCd,,  , 
Te/Cdn,4Zn„n(,Te/Cdn,7Zn„|„Te  buffered  structure. 
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section  3.1).  Fig.  6  shows  the  variation  of  the 
FWHM  of  the  DCRC  with  depth.  Here,  “dis¬ 
tance”  means  the  layer  thickness  after  each  etch¬ 
ing.  There  is  an  abrupt  increase  of  the  FWHM  in 
the  buffer  layer  because  of  the  large  lattice  mis¬ 
match.  Then,  the  FWHM  continues  to  decrease 
up  to  the  surface,  except  at  the  HgCdTe/buffer 
layer  interface  where  there  is  a  slight  increase. 
These  results  of  DCRC  are  exactly  matched  to 
the  etch-pit  observations  on  the  (11  DA  surface. 

The  DCRC  results  indicate  that  the  sign  of 
Aa,  which  is  the  difference  in  lattice  parameter 
between  the  HgCdTe  epi-layer  and  the  buffer 
layer  (or  the  substrate),  is  a  critical  parameter  for 
the  distribution  and  density  of  misfit  dislocations. 
The  negative  value  of  Aa,  which  is  the  case  for 
our  buffered  structure,  seems  to  be  more  effec¬ 
tive  in  reducing  misfit  dislocations  than  either  the 
exact  lattice  match  or  the  positive  value  of  Aa, 
which  is  our  unbuffered  case.  However,  this  rea¬ 
soning  should  be  confirmed  by  comparing  the 
present  results  with  those  obtained  from  buffered 
structures  of  positive  Aa. 
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Abstract 

A  modified  Bridgman  method  is  applied  for  the  growth  of  semiconducting  alloys  Hg,  _^Cd^Te  from  the  melt.  The 
large  separation  between  the  liquidus  and  solidus  lines  in  the  T-x  phase  diagram  and  further  non-planar 
melt/crystal  interface  shape  cause  significant  axial  and  radial  gradients  in  the  composition.  In  order  to  reduce  these 
difficulties,  the  proposed  method  -  Bridgman  growth  from  melt  of  constant  composition  (BGCC)  -  is  based  on  a 
demand  to  simply  ensure  a  melt  of  constant  composition  near  the  melt/crystal  interface  during  growth.  The  missing 
CdTe  is  transported  to  the  phase  boundary  ^y  diffusion  from  a  suitable  source  -  for  example  floating  solid  CdTe.  A 
model  of  diffusion  of  CdTe  in  the  liquidus  was  verified  by  a  fast  cooling  of  the  melt  above  the  growing  crystal  and  its 
composition  analysis.  In  this  way  the  equilibrium  segregation  coefficient  and  solute  diffusion  coefficient  of  CdTe 
were  determined.  As-grown  crystals  were  p-type  Hg-vacancy-doped.  By  an  annealing  near-Hg-saturatcd  condition  or 
in  a  Hg  bath,  and  also  by  ion  beam  milling,  the  n-type  material  can  be  prepared.  Electrical,  optical  and 
photoelectrical  properties  are  briefly  discussed. 


1.  Introduction 

The  pseudo-binary  alloy  material  Hg,_^Cd_,Te 
(MCT)  has  recently  received  a  great  deal  of  at¬ 
tention  due  to  its  utility  both  as  a  semiconductor 
and  as  a  photoconductor.  The  forbidden  energy 
gap  is  dependent  on  the  mole  fraction  of  CdTe  x, 
ranging  from  a  wide-gap  semiconductor  for  x  =  1 
to  a  zero-gap  semiconductor  for  Jt  =  0.16.  These 
materials  are  widely  used  in  photoconductive  and 
photovoltaic  devices.  They  are  also  a  centre  of 
interest  in  modelling  of  the  dynamics  of  growth. 
High  sensitivity  of  semiconducting  properties  on 
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the  composition  uniformity  requires  very  careful 
processing  of  MCT. 

The  bulk  material  grown  by  directional  solidi¬ 
fication  methods  is  still  in  widespread  use  for 
infrared  detectors,  despite  rapid  progress  in  the 
various  epitaxial  growth  techniques  [1].  The  verti¬ 
cal  Bridgman  growth  of  crystals  was  one  of  the 
first  used  for  MCT.  In  the  classical  Bridgman 
growth  (CBG),  the  material  Hg,_^Cd^Te  in  a 
sealed  silica  ampoule  is  initially  heated  above  the 
liquidus  temperature  for  given  x  and  the  temper¬ 
ature  is  then  slowly  lowered  with  translation  rate 
i'  through  a  temperature  gradient  G  below  the 
solidus  temperature.  From  the  wide  separation  of 
the  liquidus  and  solidus  curves  in  the  T-x  phase 
diagram,  it  is  apparent  that  the  original  simple 
CBG  gives  a  low  yield  of  material  with  suitable  x 
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Fig.  1.  Pseudobinary  HgTe-CdTe  T-x  phase  diagram  (m  is 
the  slope  of  the  liquidus  curve  at  jt  =  x^). 

values  [2],  Moreover,  the  combination  of  the  dif¬ 
ference  in  thermal  conductivities  between  melt 
and  crystal  and  the  thick  silica  ampoule  leads  to  a 
highly  curved  melt /crystal  interface  The  cur¬ 
vature  has  been  identified  as  a  major  factor 
causing  the  radial  nonuniformity.  A  number  ct 
solutions  of  this  problem  were  attempted;  solid 
state  recrystallization  (SSR)  [3],  slush-growth  (SG) 
[4,5],  accelerated  crucible  rotation  technique 
(ACRT)  [6]  and  fast  Bridgman  growth  (FBG) 


[7,8].  Comparing  these  methods  from  the  point  of 
view  of  their  technical  burdensomeness  and  a 
yield  of  material  with  suitable  purity  and  radial 
homogeneity,  it  is  evident  that  each  of  them  has 
together  with  priorities  also  some  imperfections. 
Some  of  them,  SSR,  SG,  CBG  and  ACRT,  are 
successfully  used  in  production.  Extensive  experi¬ 
mental  studies  of  the  FBG  method  contributed  to 
understanding  of  temperature  and  solute  fields  in 
the  melt  [8,9]. 

The  method  proposed  by  us  -  the  Bridgman 
growth  from  melt  of  constant  composition 
(BGCC)  -  is  based  on  a  demand  to  ensure  melt 
of  constant  composition  Xl  above  the  crystal 
during  growth. 

2.  Theoretical  model  -  thermodynamic  consider¬ 
ation 

In  further  considerations  we  shall  concentrate 
on  the  preparation  of  Hgj.^Cd^Te  crystals  with 
X  =  0.22.  The  same  advancement  can  be  applied 
to  arbitrary  composition.  The  way  out  is  the  phase 
diagram  T-x  depicted  in  Fig.  1.  The  curves  of 
liquidus  (L)  and  solidus  (S)  were  determined  with 
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Fig.  2.  Schematic  representation  of  one-dimensional  model  of  (a)  enrichment  of  melt  and  (b)  crystal  growth. 
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the  help  of  analytical  relations  (1)  and  (2),  de¬ 
rived  in  ref.  [10]  for  the  melting  point  in 
dependence  on  the  composition  of  liquidus 
and  the  equilibrium  segregation  coefficient  k  in 
dependence  on  which  agrees  well  with  exper¬ 
imental  data  [11]: 


3 


TXC)=  5:a,xi., 

(1) 

/  =  0 

5 

UbiXi,  Xs  =  fcXL, 

(2) 

where  is  the  solute  diffusion  coefficient  of 
CdTe  in  the  melt  ®  5  X  10'*  cm“^/s  [8]),  y 
is  the  distance  from  the  bottom  of  the  ampoule 
into  the  melt  and  x'i(y,  r)  is  the  mole  fraction  of 
CdTe  at  the  place  y  and  in  the  time  /.  In  the 
time  /  =  0,  jr[(y,  0)  =  0.  The  boundary  condition 
defines  zero  flux  of  CdTe  at  the  bottom  of  the 
ampoule; 


1  =  0 

where  the  coefficients  have  values  {Uj}  =  {670.94, 
671.46,  -375.07,  110.54}  and  (/),}  =  (4.726, 
-15.935,  39.335,  -59.151,46.752,  - 14.743}.  At 
temperature  T  =  707.2°C,  the  corresponding  val¬ 
ues  are  jcg  =  0.22,  jtl  =  0.0557  and  k  =  3.95.  The 
model  of  two-component  melt  (HgTe  and  CdTe) 
is  used  [12,13]. 

The  principle  of  our  BGCC  method,  evident 
from  Fig.  2b,  is  based  on  the  fact  that  the  crystal 
grows  for  most  of  the  time  from  the  melt  with 
composition  Xi^  =  x^/k  which  corresponds  to  a 
relevant  temperature  TJixi^),  as  is  evident  from 
Fig.  1.  The  missing  CdTe  is  during  the  whole 
process  of  growth  transported  to  the  phase 
boundary  by  diffusion  from  a  suitable  source. 

2.1.  Enrichment  of  melt 

As  we  can  see  from  Fig.  2a,  an  ampoule  of  a 
whole  length  L  completely  filled  in  the  bottom 
part  with  a  column  of  HgTe  with  length  (1  -x^)L 
and  in  the  upper  part  with  a  column  of  CdTe 
source  with  length  x^L  is  placed  in  a  hot-zone 
Bridgman  furnace  with  temperature  7'n,(xL)  = 
Tj^Xi)  -t-  AT.  The  melting  temperature  = 

707.2°C  corresponds  to  the  crystal  composition 
which  we  want  to  produce  (3:5  =  0.22),  and  AT  >  0 
is  the  temperature  difference  ensuring  the  de¬ 
manded  flux  of  CdTe  by  diffusion  to  the  phase 
boundary  during  crystal  growth.  The  value  of 
AT  will  be  determined  in  the  next  section. 

The  HgTe  melt  is  gradually  enriched  by  CdTe 
from  the  solid  source  of  CdTe  by  diffusion  de¬ 
scribed  by  the  Fick’s  second  law: 


The  situation  at  the  phase  boundary  melt/source 
/„,s  is  described  by  the  condition 
jCL(y, =jrL,  r>0,  (5) 

where  xl  is  determined  by  relation  (1)  for  tem¬ 
perature  TJi.x[)=  TJ.X1)  +  AT.  It  is  true  that  a 
thin  layer  of  (HgCd)Te  with  composition  x^  = 
XlA:(xl)  is  created  on  the  CdTe  source.  How¬ 
ever,  diffusion  of  Hg  in  solid  CdTe  passes  with  a 
diffusion  coefficient  at  least  two  orders  of  magni¬ 
tude  lower  than  diffusion  of  CdTe  in  the  melt 
and  therefore  making  the  balance  of  lengths  and 
composition,  the  thickness  of  this  layer  can  be 
neglected. 

The  solution  of  differential  equation  (3)  fulfill¬ 
ing  the  above  conditions,  supposing  that  the 
length  of  the  column  of  liquid  does  not  change 
too  much,  is  of  the  shape 


x'dyr  0 


E 

k-n 


1 

2k  +  1 


(2k  +  \yv^ 

xexpl - - D^^t 


xcos 


(2k  +  l)Tr  \ 

2L, 


(6) 


For  times  f  >  4.5  X  it  is  sufficient 

to  calculate  only  the  first  term  of  the  series  (the 
error  is  1%).  Under  this  condition  we  can  simply 
determine  the  time  r,  at  which  the  composition 
of  the  melt  at  the  bottom  of  the  ampoule  x|^(0,  t) 
corresponds  to  the  composition  from  which 
the  crystal  of  composition  Xj  should  grow.  From 
the  relation  x{(0,  t)=Xl: 


9x|.(y,/)  ^  a'xLCy,/) 


=  £) 


Osy^L.,  (3) 


4L]  14  x!  \ 

In - ; - 


dt 
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At  this  time  we  can  determine  from  the  bal¬ 
ance  of  CdTe  content  in  the  ampoule  the  length 
of  melt  L,(t): 

~  ^l( ■’’)]+ GcdTe  (8) 

where  QcdTe  the  CdTe  content  in  the  melt  at 
time  t: 


=  t)  dy 

•'o 

=  Ar'L,(r)fl--^ 


For  L|(t),  it  is  valid  that 


1  -x',  1  -  - 

IT 


2  xl-xi_ 


For  L  =  10  cm  and  jr=  18°C,  JtL  =  0.084, 
L,(t)  =  8.3  cm  and  t  =  8  days.  Therefore,  during 
this  time,  the  length  of  the  liquid  does  practically 
not  change  L|(t)  -  L^(.0)  =  0.5  cm. 


2.2.  Crystal  growth 


In  further  considerations  on  crystal  growth  in 
the  arrangement  depicted  in  Fig.  2b,  we  shall 
suppose  that: 

(a)  the  solute  transport  in  the  melt  is  controlled 
by  diffusion; 

(b)  the  one-dimensional  approximation  is  valid 
and  the  interfaces  and  are  flat; 

(c)  the  enrichment  of  melt  with  CdTe  passed  for 
a  period  r  determined  from  relation  (7)  and  the 
ampoule  was  subsequently  shifted  to  the  temper¬ 
ature  gradient  G  =  dT/dy  in  such  a  way  that  the 
bottom  of  the  ampoule  is  located  in  the  place 
with  temperature  T  =  TjnfxL). 

If,  in  the  time  f  =  0,  melt  with  composition  Jt^ 
at  the  bottom  of  the  ampoule  is  lowered  with 
translation  rate  v,  then  a  crystal  with  composition 
Xs  =  kxi^  starts  to  grow  at  the  bottom  of  the 
ampoule  in  the  initial  stage.  If  we  demand  the 
crystal  composition  to  stabilize  at  value  jc^  during 
the  growth  (which  means  that  in  any  time  the 
crystal  will  grow  in  the  place  with  temperature 


TJi.Xi^)),  the  flux  of  CdTe  7cdTe  driven  by  diffu¬ 
sion  to  the  phase  boundary  from  phase 
boundary  must  be  constant  in  any  time  and 
the  sum  of  CdTe  fluxes  at  the  interface  must 
be  zero.  This  demand  is  described  in  relation 
(11). 

The  flux  /cdTe  of  CdTe  species  is  related  to 
the  concentration  gradient  of  the  species  and  to 
the  motion  of  melt  relative  to  the  interface  by 
Tick’s  first  law: 

4dTe=  - l^XiXy)  =  -I'Xs,  (11) 

ay 

where  JCL(y)  is  the  mole  fraction  of  CdTe  in  the 
melt  and  y  is  the  distance  measured  from  the 
interface  into  the  liquid,  0  <y  ^Ly  A  coor¬ 
dinate  system  moves  with  interface  where  its 
beginning  is  situated.  The  demanded  condition 
for  phase  interface  reads 

•rL(>’)l>-o=-rL=-rsA-  (12) 

The  solution  of  differential  equation  (11)  then 
has  the  form 

^-1  I  vy  \ 

^L(y)-xs[l-— exp(-— J 

=  Xl  1  l)^y  .  (13) 

The  second  part  of  relation  (13)  is  valid  under 
condition  L,  <^Dy/v. 

Together  with  gradual  increase  of  crystal  length 
HU)  with  rate  r  when  HU)  =  vt,  the  length  of 
the  column  of  the  melt  above  the  crystal,  L^  = 
L,(r),  decreases  but  with  different  speed  1^  = 
dL|(r)/df.  In  the  phase  y  =  L,(f),  where  in  the 
time  t  the  phase  boundary  melt/source  is 
situated,  the  composition  of  melt  x[(t)  must  be 
determined  by  relation  (13),  x^lt)  =Xi(L,),  if 
relations  (11)  and  (12)  are  to  be  fulHlled  all  the 
time.  This  means  that  the  value  x[(t)  must  grad¬ 
ually  decrease  with  time  to  copy  the  diffusion 
profile  in  the  melt  determined  by  (13)  for  given 
£>i^  and  A.  This  can  be  reached  by  a  decrease  of 
temperature  of  the  upper  zone,  where  CdTe 
(source)  is  located  in  the  way  to  fulfil 

rjxi)  =  rjxj  +  Ar(t). 


(14) 


%0 


P.  Hoschl  et  al.  /Journal  of  Crystal  Growth  138  ( 1994)  956-963 


The  length  of  the  melt  L,(f)  can  be  deter¬ 
mined  from  the  balance  of  lengths  and  the  bal¬ 
ance  of  CdTe  content  in  the  ampoule: 

H{i)+L2{i)=L,  (15) 

QcdTe  ~  ^l(^)] 

The  value  of  the  mole  fraction  of  CdTe  in  the 
melt  Gcdje  is  given  by 


CcdTe  ~  /  ■*^l(  y)  ‘iy  “ 

■’o 


Dl 


) 

(17) 


For  L,(r)  we  obtain 

^l(0  0CdTe 

(18) 

1  -Xl 


The  second  part  of  relation  (18)  is  valid  under 
the  condition  L^  ^Di^/u.  The  exact  value  L|(t) 
can  be  determined  by  numerical  solution  of  the 
set  of  Eqs.  (18)  and  (17).  The  value  x'i{t)  = 
x^iL^),  determined  with  the  help  of  relation  (13), 
allows  us  together  with  (1)  to  fix  at  time  r,  TJ^x[) 
=  T„{xi)  -t-  ATit).  In  approximation  L,  •«  £>i./r 
and  for  not  very  high  xl(t)  <  0.1,  relation  (19)  is 
valid  and  AT(t)  can  be  determined  with  the  help 
of  (20): 


Xl(0)  1-Xl(0) 


x^(L-.t) 


(19) 


*^L 

+  -^  1 
"l  I  1--*L 

x^(Z,-«))  . 


(20) 


Relation  (20)  in  first  approximation  shows  that 
if  the  crystal  of  constant  composition  x^  should 
grow  with  rate  r,  it  is  necessary  to  linearly  de¬ 
crease  the  temperature  of  the  hot  zone  from  the 
beginning  of  growth  from  the  value  r„(xL)  + 
AT(0)  to  the  value  TJi.Xi^).  Due  to  the  fact  that 
the  starting  value  dTlO)  ~  r,  it  is  necessary  to  use 
small  rates,  so  that  the  temperature  difference 
between  the  source  and  the  crystal  is  not  too 
high.  For  L  =  10  cm,  v  =  1.16  X  10"'’  cm/s,  Dl 
=  5.5x10’^  cm^/s,  Xs  =  0.22  and  Xl  =  0.0557, 
we  obtain  L,(0)  =  8.3  cm,  0cdTe  =  3.O6  mol.  fr. 
cm,  xl  =  0.084  and  dTfO)  =  18°C. 

In  fact,  the  situation  is  not  so  simple  because 
the  heat  transfer  is  far  from  the  one-dimensional 
case  near  the  interface  I^.  The  difference  in 
thermal  conductivity  between  the  melt  and  the 
crystal  forces  the  heat  of  solidification  to  flow 
from  the  melt  into  the  silica  ampoule  and  leads  to 
radial  temperature  gradients  near  [10,12].  The 
consequence  is  the  concavely  curved  interface 
[13]  and  thermally  driven  convection  near 
which  was  not  taken  into  account. 


3.  Experimental  procedure 

The  principle  of  the  method  used  for  prepara¬ 
tion  of  crystals  of  composition  x^  *  0.22  is  evi¬ 
dent  from  the  model  described  in  the  preceding 
section. 

The  starting  binary  materials  HgTe  and  CdTe 
are  prepared  by  reacting  the  elements  (purity  6N) 
in  a  sealed  evacuated  silica  ampoule.  The  am¬ 
poule  outer/inner  diameter  is  20/14  mm  for 
HgTe  and  19/13  for  CdTe,  and  the  total  length 
of  the  ampoule  is  L  ^  10  cm.  After  synthesis,  the 
ampoule  with  HgTe  is  carefully  opened  and  an 
ingot  of  CdTe  with  dimensions  corresponding  the 
situation  in  Fig.  2a  is  placed  above  HgTe.  The 
ampoule  prepared  in  this  way  is  put  on  a  silica 
pedestal  into  the  hot  zone  of  the  Bridgman  growth 
furnace  with  temperature  TJixi)  =  TJxl)  + 
JT'fO),  where  it  is  left  for  3-7  days.  The  ampoule 
is  then  lowered  to  the  temperature  gradient  with 
rate  v. 

The  most  difficult  step  is  to  realize  experimen¬ 
tally  the  demanded  composition  of  liquid  at 
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Fig.  3.  Axial  distribution  of  the  average  composition  in  the 
ingot  which  is  quenched  to  room  temperature  during  growth. 


the  bottom  of  the  ampoule  in  the  moment  when 
the  bottom  of  the  ampoule  is  located  at  tempera¬ 
ture  W  the  melt  is  too  enriched  in  initial 

state,  a  crystal  with  composition  higher  than 
starts  to  grow  and  the  composition  equilibrates 
on  the  demanded  value  only  after  some  time 
(see  Fig.  4).  On  the  contrary,  if  the  crystal  starts 
to  grow  with  time,  when  the  composition  on  the 
bottom  of  the  ampoule  has  not  reached  the  value 
Xl,  the  composition  at  the  beginning  of  the  crys¬ 
tal  is  lower  than  x^  (see  Fig.  3).  From  the  point 
of  view  of  controlling  the  process  of  enrichment, 
the  most  advantageous  method  seems  to  be  to 
move  first  the  ampoule  with  rate  =  ^q/t  until 
temperature  T=TJ<Xi)  at  the  bottom  of  the 
ampoule  is  reached,  and  then  start  moving  with 
rate  v. 

The  value  AT,  which  depends  on  the  growth 
rate,  is  determined  from  (20).  The  furnace  is 
constructed  with  two  zones,  with  thermal  isola¬ 
tion  between  the  hot  and  the  cold  zone.  The 
temperature  of  the  cold  zone  was  520°C.  The 
temperature  gradient  G  in  the  place  with  tem¬ 
perature  =  707.2°C  was  G  ®  10°C/cm. 

The  temperature  during  enrichment  of  the  melt 
and  crystal  growth  is  measured  and  checked  by 
two  thermocouples  situated  ai  the  top  and  at  the 
bottom  of  the  ampoule.  The  low  temperature 
gradient  is  chosen  such  that  the  influence  of  the 
curved  phase  interface  on  radial  composition  is 
not  too  substantial. 


It  is  necessary  to  choose  such  a  growth  rate  v 
for  the  given  temperature  gradient  G  to  elimi¬ 
nate  constitutional  supercooling.  For  the  maxi¬ 
mum  rate  that  can  be  used  it  is  [14] 


GDl  k  -  1 
mxs  k 


(21) 


where  m  =  dT„,(xL)/dxL  =  630  K/mol-fraction 
at  707. 2°C;  in  our  case  we  have  chosen  v  -  1.16  x 
10“*  cm/s  =  t’max/2.  For  this  rate  we  can  deter¬ 
mine  also  the  value  ATiO)  determining  the  in¬ 
creased  temperature  of  the  upper  zone  at  the 
beginning  of  growth,  ^TfO)  =  18°C.  Together  with 
the  beginning  of  lowering  of  the  ampoule  with 
rate  v,  the  temperature  of  the  hot  zone  is  de¬ 
creased  linearly  to  fulfil  AT(t)  =  0  in  the  time 
t  =  L/v.  The  rate  of  decrease  of  the  temperature 
of  the  hot  zone  is  optimized  based  on  experimen¬ 
tal  results.  A  sublinear  temporal  dependence  of 
the  temperature  is  found  to  be  convenient,  espe¬ 
cially  at  the  end  of  the  crystal  growth. 

For  a  better  understanding  of  processes  occur¬ 
ring  during  crystal  growth  in  the  region  of  phase 
interface  and  in  the  melt,  one  experiment  is  inter¬ 
rupted  during  the  growth  and  the  whole  ampoule 
is  quickly  cooled  to  room  temperature.  The  solid¬ 
ified  ingot  is  cut  perpendicularly  to  the  growth 
axis  into  plates  with  thickness  500  ^m.  The  aver¬ 
age  X  values  are  calculated  from  the  measured 
mass  densities  and  values  o^  the  lattice  constant 
[15].  The  concentration  profile  obtained  along  the 
ingot  axes  is  evident  from  Fig.  3  and  several 
regions  can  be  seen  in  it.  Region  (I)  represents 
the  initial  stage  of  crystal  growth,  when  the  con¬ 
centration  increases  relatively  quickly  to  the  value 
Xj  (the  enrichment  of  melt  was  insufficient).  Re¬ 
gion  (II)  represents  the  crystal  grown  in  the  pe¬ 
riod  before  the  ampoule  was  quickly  cooled  to 
room  temperature,  with  composition  x^  «  0.22. 
The  decrease  of  x  values  in  region  (III)  is  proba¬ 
bly  caused  by  a  convex  meniscus  creating  the 
melt/crystal  interface  the  depth  of  the 
meniscus  being  about  3.5  mm.  Region  (IV)  is  the 
region,  where  the  crystal  was  in  a  liquid  state 
before  rapid  cooling  and  where  the  value  roughly 
linearly  increases  to  region  (V),  where  CdTe  with 
a  surface  enriched  by  HgTe  is  located.  A  moder- 
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ate  increase  of  x  in  region  (V)  is  probably  caused 
by  a  concave  shape  of  the  me  It /source  phase 
boundary  Fitting  the  concentration  profile 
x(y)  in  region  (IV)  with  the  help  of  (13),  a  segre¬ 
gation  coefficient  on  the  phase  boundary  l^, 
k  =  5.9  and  the  effective  solute  diffusion  coeffi¬ 
cient  of  CdTe  in  the  melt  at  *  715°C,  =  10“^ 

cm^/s  were  determined,  see  solid  line  in  Fig.  3. 
The  last  value  is  in  relatively  good  agreement 
with  the  value  found  out  by  Szofran  et  al.  [8].  The 
segregation  coefficient  found  by  us  is  about  1.5  X 
higher  than  its  value  determined  with  the  help  of 
relation  (2). 


Fig.  5.  Radial  distribution  of  the  composition  across  a  wafer. 


4.  Material  characterization 

The  as-grown  crystals  were  in  most  cases  com¬ 
posed  from  one  single-crystal  grain.  The  course 
of  axial  composition  determined  from  the  mass 
density  measurements  in  evident  from  Fig.  4.  Fig. 
5  shows  the  radially  symmetrical  distribution  of 
the  composition  x  across  a  typical  wafer  cut  from 
a  single  crystal.  The  x  values  have  been  mea¬ 
sured  by  EPMA  at  Humboldt  University  Berlin. 
Axial  homogeneity  Ax  =  ±0.02  and  radial  homo¬ 
geneity  Ax  =  ±0.005  were  typical  values.  Higher 
composition  is  apparent  at  the  periphery  of  the 
wafer  due  to  non-flat  interface 

The  single  crystals  are  p-type  Hg-vacancy- 
doped  with  hole  concentration  at  77  K  of  3  X  10 


Fig.  4.  Axial  proFil  of  (he  average  composition  along  the 
quenched  ingot. 


to  5  X  lO'*’  cm~’  and  mobility  of  holes  at  30  K 
ranging  from  600  to  1 100  cm^/V  •  s.  According  to 
a  former  model  [16],  a  simultaneous  analysis  of 
the  Hall  coefficient  and  electrical  conductivity 
yields  ionization  energies  of  5  meV  and  0.5  for 
Hg  vacancies  and  10  meV  for  residual  acceptors, 
respectively. 

Investigation  of  the  absorption  edge  in  sam¬ 
ples  cut  from  the  BGCC  crystals  is  presented  in 
ref.  [17],  where  the  very  high  slope  of  absorption 
edge  (5(10  K)  =  lO’  eV“  ')  is  discussed. 

The  quality  of  our  crystals  prepared  by  BGCC 
for  photovoltaic  applications  was  found  to  be 
comparable  to  that  prepared  by  THM  method. 
n*/X>  photodiodes  were  prepared  by  implanting 
boron  ions  with  an  energy  of  50  keV  and  dose  of 
2  X  10''*  cm~^.  At  T  =  80  K  and  field  of  view 
(FOV)  =  60°,  background  limited  detectivity  of 
photodiodes  with  a  cut-off  wavelength  of  = 
10.7  /im  was  achieved  [18]. 


5.  Discussion 

The  method  of  the  crystal  preparation  de¬ 
scribed  above  does  not  require  synthesizing  a 
ternary  system  Hg|_^Cd^Te,  but  only  its  binary 
components  HgTe  and  CdTe.  The  whole  techno¬ 
logical  process  is  relatively  safe  and  modest.  The 
transport  processes  ensuring  the  constant  flow  of 
CdTe  to  the  melt/crystal  phase  boundary  are 


P.  Hdschl  el  at.  /Journal  of  Crystal  Growth  138  ( 1994)  956-963 


963 


Optimized  by  the  variation  of  translation  rate  and 
by  the  magnitude  of  concentration  gradient.  The 
low  temperature  gradient  ensures  stabilized  crys¬ 
tal  growth  and  also  contributes  to  relatively  small 
bending  of  the  melt/crystal  interface  and  a  sub¬ 
sequent  good  radial  homogeneity  of  the  crystal. 
The  axial  homogeneity  is  satisfactory  between 
1/2  and  2/3  of  the  length  of  the  crystal.  Regard¬ 
ing  the  prevention  of  the  constituent  supercool¬ 
ing,  the  low  temperature  gradient  claims  a  low 
translation  rate,  so  that  the  crystal  growth  takes  a 
time  of  2  to  3  months.  This  disadvantage  is  com¬ 
pensated  by  a  sufficient  segregation  of  impurities 
within  the  growth.  The  crystals  fulfil  the  strict 
requirements,  e.g.  for  detector  grade  material, 
even  when  not  very  high-pure  source  elements 
(6N)  are  used.  Considering  that  the  as-grown 
vacancy-doped  p-type  material  can  be  converted 
to  low-carrier-concentration  n-type  material  by 
two-temperature  annealing  or  by  ion-beam  milling 
[19,20],  a  low  concentration  of  residual  donors 
and  acceptors  is  expected. 

At  present  the  best  results  for  the  Bridgman 
growth  have  been  reached  by  the  ACRT  method 
developed  in  the  Philips  Laboratory  (UK)  [11]. 
Similar  results  were  obtained  by  THM  [21,22]. 
The  electrical,  optical  and  photoelectrical  proper¬ 
ties  of  our  BGCC-prepared  samples  seem  to  be 
comparable. 
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Abstract 

We  tried  to  make  the  epitaxial  growth  of  HgTe  and  Hg,  _;j-Cd;^.Te  films  on  CdTe  substrates  from  the  vapor  phase 
under  controlled  mercury  pressure  in  a  sealed  reaction  chamber.  As  a  reaction  chamber,  a  horizontal  quartz  tube 
with  3  cm  diameter  and  30  cm  length  was  used.  The  temperature  ranges  of  substrate  and  HgTe  source  were  200-250 
and  300-350°C,  respectively.  The  mercury  pressure  employed  was  0.1-10  Torr.  HgTe  and  Hg|_;^Cd^Te  were 
successfully  grown.  A  growth  rate  of  1-4  A/s  was  obtained  for  HgTe  film,  but  the  rate  depends  severely  on  source 
and  substrate  temperatures  and  Hg  pressure. 


1.  Introduction  sticking  or  condensation  coefficients  for  mercury 

{5,6].  On  the  contrary,  in  liquid  phase  epitaxy  a 
Because  of  the  potential  use  of  Hg,_;^Cd;j^Te  rather  high  growth  temperature  (typically  550°C) 

and  other  Hg-based  materials  in  infrared  detec-  is  required,  although  the  mercury  loss  during  the 

tor  device  applications,  the  growth  of  such  mate-  growth  is  negligible  [7],  It  would  be  useful  to 

rials  has  attracted  much  attention.  Vapor  phase  realize  a  low  temperature  and  low  mercury  nn- 

epitaxial  growth  techniques  such  as  molecular  sumption  growth  technique  for  HgTe  and  Hg- 

beam  epitaxy  (MBE)  [1,2]  and  metalorganic  based  alloy  materials. 

chemical  vapor  phase  deposition  (MOCVD)  [3,4]  In  this  paper,  a  vapor  phase  epitaxial  growth 

enables  low  temperature  growth  of  these  materi-  system  designed  for  growing  HgTe  and 

als.  In  those  systems,  however,  a  fairly  large  Hg,_;f(I!d;j^Te  under  controlled  mercury  pressure 

amount  of  mercury  is  wasted  because  of  low  is  presented.  The  system  has  been  used  success¬ 

fully  to  grow  HgTe  and  Hg,_;j^Cd;j-Te  films.  Re¬ 
sults  on  crystallinity  assessments  and  structural 

_  characterization  studies  of  grown  films  are  also 

*  Corresponding  author.  presented. 
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2.  Experimental  procedure 

Fig.  1  shows  a  schematic  diagram  of  the  pro¬ 
posed  HgTe  and  Hg,_;j-Cd;fTe  film  growing  sys¬ 
tem.  As  a  reaction  chamber,  a  horizontal  quartz 
tube  with  3  cm  diameter  and  30  cm  length  was 
used.  One  end  of  the  tube  was  sealed  and  the 
other  end  was  welded  to  a  stainless  steel  conflat 
flange.  A  Hg  reservoir,  made  by  Pyrex  glass,  was 
also  welded  to  a  stainless  steel  flange  which  was 
connected  to  the  reaction  chamber  through  a 
high  vacuum  valve.  This  reaction  chamber  system 
was  connected  to  an  evacuation  system  through  a 
valve  and  could  be  evacuated  to  1  X  10“^  Torn 
During  the  growth,  the  reaction  chamber  was 
isolated  from  the  evacuation  system  and  the  Hg 
pressure  was  controlled  by  the  temperature  of  the 
reservoir.  After  the  growth,  the  excess  Hg  was 
withdrawn  back  to  the  reservoir  by  cooling. 

HgTe  and  Hg,_;j.Cd;^.Te  were  grown  on 
CdTe(lOO)  and  CdTe(lll)  substrates  prepared  on 
GaAs(lOO)  by  hot-wall  epitaxy  [8].  The  CdTe  sub¬ 
strates  were  etched  with  1%  bromine-methanol 
immediately  before  loading  into  the  reaction 
chamber.  Polycrystalline  HgTe  and  cadmium 
(99.9995%)  were  used  as  tellurium  and  cadmium 
sources,  respectively. 

Assessment  of  crystallinity  of  the  grown  films 
were  carried  out  by  X-ray  diffraction  observa¬ 
tion,  reflection  high-energy  electron  diffraction 
(RHEED),  and  electrical  measurements.  Compo¬ 
sitional  profiles  of  the  grown  crystals  in  growth 


Fig.  1.  Schematic  diagram  of  HgTe  and  Hg,  _;rCd ;fTe  growth 
system. 


Substrate  Temperature  ( t- ) 

Fig.  2.  Growth  rate  of  HgTe  on  CdTedOO).  Numbers  repre¬ 
sent  temperatures  of  HgTe  and  Hg  source  / T^^). 


direction  were  examined  by  Auger  electron  spec¬ 
troscopy  (AES). 


3.  Results  and  discussion 

3. 1.  HgTe  growth 

The  Hg  reservoir  was  maintained  at  a  temper¬ 
ature  in  the  range  80-180°C,  which  corresponds 
to  Hg  vapor  pressures  of  about  0.1-10  Torr. 
Substrates  were  preheated  at  160°C  for  30  min  in 
the  pressure  of  2  X  10  ’  Torr,  and  HgTe  films 
were  grown  at  a  substrate  temperature  of  210- 
240‘’C. 

The  HgTe  film  could  be  grown  epitaxially  on 
both  CdTe(lOO)  and  CdTe(l  1 1)  substrates.  In  Fig. 
2,  growth  rates  of  HgTe  films  on  CdTe(lOO)  are 
plotted  as  a  function  of  substrate  temperature 
(T,),  in  which  the  parameters  are  HgTe  source 
temperature  (TngTe)  and  Hg  temperature  (T„g). 
The  growth  rate  of  HgTe  depends  critically  on 
the  temperatures  of  substrate,  source  HgTe  and 
Hg.  At  a  high  Hg  temperature  (140°C),  the  growth 
rate  is  almost  constant  for  a  substrate  tempera¬ 
ture  of  210-240°C.  On  the  contrary,  for  low  Hg 
temperature  the  rate  goes  to  a  maximum  value 
with  increasing  substrate  temperature  and  then 
decreases  with  a  further  increase  of  the  substrate 
temperature.  At  a  given  substrate  temperature. 
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Fig.  3.  RHEED  patterns  of  HgTe  films  on  CdTe(  100)  (a)  and  CdTef  111)  (b). 


the  growth  rate  increases  with  decreasing  Hg 
temperature,  i.e.  Hg  pressure,  and  also  increases 
with  HgTe  source  temperature.  These  facts  are 
understood  as  follows:  Te  atoms  or  molecules  are 
supplied  to  the  substrate  surface  through  diffu¬ 
sion  in  Hg  pressure,  which  is  controlled  by  Hg 
temperature.  The  contribution  of  Hg  atoms  from 
the  source  HgTe  to  the  Hg  pressure  and  hence  to 
its  impinging  rate  on  the  substrate  is  considered 
to  be  small.  Thus  the  growth  rates  are  expected 
to  increase  with  Te  supply  rate  as  long  as  suffi¬ 
cient  Hg  is  supplied  to  the  substrate  surface  at  a 
given  substrate  temperature.  This  is  evident  in 
Fig.  2.  The  decrease  of  growth  rate  at  higher 
temperature  for  the  uppermost  case  in  the  figure 
is  considered  to  be  due  to  the  decrease  of  the 
sticking  coefficient  of  Hg  at  high  temperature. 

RHEED  patterns  of  HgTe  films  grown  on 
CdTe(lOO)  and  CdTc(lll)  substrates  are  shown 
in  Fig.  3.  As  is  seen  in  the  figure,  a  single  crys¬ 
talline  HgTe  film  is  obtained  epitaxially  both  on 
the  CdTef  100)  and  the  CdTe(lll)  substrate.  The 
epitaxial  orientation  is  (100),[001]HgTe  11(100), 
[OOlJCdTe  for  CdTe(lOO).  Streaks  and  Kikuchi 
lines  in  the  pattern  indicate  that  the  HgTe  films 
are  of  high  quality.  For  the  CdTeflll)  substrate, 
two  orientations  [211]HgTe  ||  [OllJCdTe  and 
(211]HgTe||loTl]CdTe  are  possible,  and  twins  or 
micro-twins  are  often  observed. 

Fig.  4  shows  the  substrate  temperature  depen¬ 
dence  of  the  FWHM  of  X-ray  rocking  curves 


from  the  (400)  Cu  Ka,  diffraction  line  of 
HgTe(100)/CdTe(100)  films.  Generally,  the  value 
of  the  FWHM  is  smaller  for  the  films  prepared 
with  faster  growth  rate.  For  a  Hg  temperature  of 
100°C,  the  FWHM  becomes  small  for  a  substrate 
temperature  of  around  230°C.  This  indicates  that 
there  is  an  optimum  substrate  temperature  for 
given  HgTe  and  Hg  source  temperature.  For  a 
higher  Hg  temperature  (140°C),  the  HgTe  source 
temperature  of  360°C  is  not  sufficient  for  good 
film  growth.  Indeed  we  have  found  that  when  the 
Hg  temperature  is  very  high  (180°C),  a  HgTe 
source  temperature  higher  than  400°C  was  re- 


Substrate  Temperature  (1) 

Fig.  4.  Substrate  temperature  dependence  of  FWHM  of  X-ray 
rocking  curve  from  (400)  of  Cu  Ko,  diffraction  lines  of 
HgTe(100)/CdTe(IOO). 
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Thickness  (ixm) 

Fig.  5.  Thickness  dependence  of  FWHM. 


quired  to  obtain  an  appropriate  growth  rate  and 
hence  good  quality  films. 

The  FWHM  of  HgTe(100)/CdTe(100)  film  de¬ 
creased  with  increasing  film  thickness  and  be¬ 
came  almost  constant  for  films  thicker  than  about 
2  nm.  This  is  shown  in  Fig.  5.  As  often  seen  in 
heteroepitaxial  growth  [9],  the  initial  decrease  of 
FWHM  may  be  considered  to  be  due  to  the 
initial  diminution  of  dislocations  originating  at 
the  HgTe/CdTe  interface  caused  by  surface  de¬ 
fects  on  the  substrate  and/or  the  lattice-mis¬ 
match  between  HgTe  and  CdTe. 

Fig.  6  shows  a  typical  AES  sputter  profile 
through  the  HgTe/CdTe  interface.  It  is  difficult 
to  evaluate  the  precise  composition  of  the  HgTe 


Sputter  depth  (pm) 


Fig.  6.  Typical  AES  sputter  profile  through  HgTe/CdTe 
interface. 


Table  1 

Properties  of  HgTe  films  (n-type) 


Sample 

Substrate 

n 

M 

FWHM 

No. 

(cm-') 

(cm'  y-  ‘  s  ' 

)  (HgTe) 

(arc  min) 

46 

CdTedOO) 

4.2x10" 

1X10“ 

4.5  (400) 

101 

CdTe(lll) 

5.5x10" 

3X10“ 

3.3  (333) 

films  because  of  preferential  sputtering  of  Hg 

[10] .  The  profile  is  corrected  with  the  appropriate 
Auger  sensitivity  factors.  The  vertical  axis  repre¬ 
sents  the  composition  of  the  constituent  atoms 
and  the  horizontal  axis  represents  the  distance 
from  the  surface  of  the  film  toward  the  interface. 
HgTe  has  been  known  to  evaporate  incongruently 

[11]  and  the  composition  of  the  HgTe  source 
must  be  changed  during  the  growth  run.  How¬ 
ever,  as  is  clear  from  the  figure,  the  composi¬ 
tional  profile  of  the  grown  layer  is  very  flat. 
Hence  it  can  be  concluded  that  this  growth  sys¬ 
tem  is  very  effective  for  growing  HgTe  films  at 
rather  low  temperatures. 

In  Table  1,  results  of  Hall  measurements  at 
room  temperature  are  shown  for  HgTedOO)/ 
CdTe(lOO)  and  HgTe(lll)/ CdTe(lll)  films. 
Carrier  concentration  and  Hall  mobility  are  al¬ 
most  the  same  for  both  films  and  are  (4-6)  X  10'^ 
cm"^  and  (1-3)  X  10'*  cm^  V“'  s“',  respectively. 
These  values  compare  well  with  those  obtained 
for  films  grown  by  MBE  [12]. 

From  the  above  considerations,  thick  HgTe 
layers  ( >  2  /im)  grown  under  the  appropriate 
conditions  are  thought  to  be  of  good  quality. 

3.2.  Hg  I  _  xCd  xTe  growth 

For  the  growth  of  Hg,_;j.Cd;j^Te,  Cd  is  loaded 
into  the  reaction  tube  separately  from  the  source 
HgTe,  as  shown  in  Fig.  1.  The  Cd  source  was 
heated  at  a  temperature  between  270  and  330°C, 
depending  on  the  temperatures  of  HgTe  source, 
Hg  reservoir  and  substrate. 

Fig.  7  shows  X-ray  diffraction  patterns  of  1.3 
ium  thick  Hg,_jfCd;fTe(100)/CdTe(100)  and  5 
Mm  thick  Hg,_;j.Cd;rTe(lll)/CdTe(lll).  The 
temperatures  of  Cd,  HgTe  source,  Hg  and  sub¬ 
strate  during  the  growth  are  280,  350,  230  and 
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Difraction  angle 

Fig.  7.  X-ray  diffraction  patterns  of  Hg,  _;fCd.YTe(l(IO)  on 
CdTedOOXa)  and  Hg,_YCdYTe(lll)  on  CdTeiUDB  <b). 


100°C  for  Hg,.;j.CdY-Te(100),  and  320,  380,  250 
and  140°C  for  Hg,_Y'CdYTe(lll),  respectively. 
In  each  pattern,  the  dominant  peak  corresponds 
to  the  film  and  the  other  one  to  the  substrate.  It 
can  be  seen  from  the  figure  that  Hg,  .j^^Cd^-Te 
grows  epitaxially  on  both  CdTe(lOO)  and 
CdTe(lll).  This  was  also  confirmed  in  RHEED 
observation  of  the  film.  The  values  of  FWHM  are 
280  and  200  arc  sec  for  Hg,  _Y-CdYTe(100)  and 
Hg|_Y^Cd;^.Te(lll),  respectively,  and  larger  than 
those  of  the  corresponding  substrates,  especially 
for  Hg|  _Y-CdY-Te(100).  Fluctuation  of  the  com¬ 
position,  X,  in  the  film  probably  may  be  one  of 
the  reasons  for  broadening  of  FWHM. 

Fig.  8  shows  the  relationship  between  compo¬ 
sition  X  and  Cd  temperature  when  the  tempera¬ 
tures  of  substrate,  HgTe  source  and  Hg  are  main¬ 


Cd  source  Temp.  (L) 

Fig.  8.  Relationship  between  Cd  temperature  and  composition 
X.  T^.  TngXi-  and  Tug  were  maintained  at  220.  .t.SO  and  KKC’C. 
respectively. 


tained  at  220,  350  and  100°C,  respectively.  The 
values  of  X  are  roughly  estimated  by  AES  mea¬ 
surements.  X  increases  evidently  with  increasing 
Cd  temperature,  suggesting  the  controllability  of 
Cd  fraction  in  the  Hg,_Y-CdYTe  alloy. 

Fig,  9  shows  depth  profiles  of  composition  in 
the  Hgi.Y^Cd^^Te  films  grown  at  temperature 
Tjig  =  100°C  (a)  and  80°C  (b).  For  the  film  grown 
at  T„g  =  100°C,  the  composition  in  the  layer  is 
almost  constant.  For  =  80°C,  however,  the 
composition  in  the  layer  changes  greatly  during 
the  growth,  although  the  substrate  and  source 
HgTe  temperature  are  maintained  constant.  This 
means  that  the  concentration  ratio  of  Hg  and  Cd 
on  the  substrate  surface  changes  during  the 
growth.  The  reason  for  this  is  not  clear  at  this 


Table  2 

Properties  of  Hg,  .Y^d^Te  films  (n-lype) 


Sample 

No. 

Substrate 

n 

(cm  ’) 

M 

(cm^  V  ■ '  s’) 

FWHM 

(Hg,  .vCd.vTe) 

(arc  min) 

.V 

66 

CdTe(IOO) 

9.5  X  10” 

1  X  10" 

10  5 (400) 

0.02 

III 

CdTedOO) 

2  X  10” 

4X  10" 

10  (400) 

0.6 

208 

CdTedOO) 

1  X  10'" 

3  X  10’ 

3.7  (400) 

0.1 

107 

CdTedll) 

1.0  X  10” 

1  X  10" 

3.3  (333) 

0.4 

no 

CdTe(lll) 

1.3  X  10” 

2X  10" 

6.7  (333) 

0.8 
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Fig.  9.  Depth  profile  of  compositon  in  Hg,  __j.Cd  yTe  films 
grown  at  =  UK)°C  (a)  and  80  C  (b). 


time.  Depletion  of  source  or  sources  and  change 
in  the  temperature  profile  of  the  furnace  are  not 
recognized.  The  only  reason  that  can  be  thought 
of  is  movement  of  the  source  such  as  HgTe 
during  the  growth  run,  resulting  from  a  change  of 
effective  source  temperature.  This  will  be  one  of 
the  problems  in  the  future. 

Table  2  shows  the  results  of  Hall  meas¬ 
urements  at  room  temperature  for  several 
Hg|_^.CdyTe  films  on  as-grown  CdTe(IOO)  and 
CdTe(lll)  films  with  FWHM  and  composition 
X.  Carrier  concentration  and  Hall  mobilities  ob¬ 
tained  range  from  1  x  10'^  to  1  X  lO'”  and  from 
3  X  10’  to  4  X  10'',  respectively.  The  values  are 
comparable  to  those  obtained  for  an  as-grown 
MBE  sample  [13]. 

From  the  above  results,  the  proposed  growth 
system  is  considered  to  be  effective  for  growing 
Hg|  _^Cd^Te  and  controlling  composition. 


4.  Conclusion 

We  presented  a  simple  vapor  phase  growth 
system  under  controlled  mercury  pressure  for 
HgTe  and  Hg,_^Cd;yTe.  With  this  system,  HgTe 
and  Hg|_^Cd;yTe  films  were  successfully  grown 
on  both  CdTe(lOO)  and  CdTe(lll).  The  grown 
HgTe  films  were  compositionally  homogeneous  in 
growth  direction  and  showed  good  electrical  qual¬ 
ity.  Hgi^  yCd^Te  were  grown  epitaxially  on  both 
CdTedOO)  and  CdTe(lll)  substrate.  Composi¬ 
tion  X  was  shown  to  be  controlled  by  Cd  source 
temperature.  Film  growth  under  Hg  pressure  was 
shown  to  be  effective  for  HgTe  and  Hg-based 
materials. 
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Doped  zinc  sulfide  nanocrystals  precipitated 
within  a  poly(  ethylene  oxide)  matrix  -  processing 
and  optical  characteristics 
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Abstract 

Zinc  sulfide  nanocrystals  doped  with  a  manganese  activator  element  were  precipitated  within  a  polyfcthylenc 
oxide)  polymer  matrix  to  study  the  effects  of  size  and  quantum  confinement  on  the  luminescent  properties  of 
ZnS ;  Mn.  Ultraviolet  absorption  demonstrates  the  increased  bandgap  due  to  quantum  confinement.  Photolumincs- 
ccnce  measurements  show  the  characteristic  Mn’^  emission  from  within  the  ZnS  host  crystal  and  photoluminescent 
excitation  measurements  show  a  change  in  excitation  which  is  indicative  of  the  incrca.sed  bandgap.  These  character¬ 
istics  arc  shown  to  change  with  growth  of  the  particles.  The  growth  rate  of  the  ZnS  particles  is  contrasted  with  the 
growth  rate  of  CdS  by  calculating  the  molecular  diffusivity  for  diffusion  controlled  growth  in  each  case. 


1.  Introduction 

Nanometer-sized  and  quantum-confined  semi¬ 
conductor  particles  doped  with  an  activator  ele¬ 
ment  have  optical  properties  which  differ  from 
those  of  an  identical  bulk  material,  and  from  the 
quantum-confined  host  material  alone  [1,2].  The 
dopant  element,  a  luminescence  activator,  emits 
light  as  a  result  of  electron-hole  transitions  within 
the  bandgap  of  the  host  crystal,  and  thus  the 
emission  is  affected  by  the  change  in  bandgap 
and  e-h  localization  produced  by  quantum  con¬ 
finement.  The  crystalline  synthesis  technique  of 
Bianconi  et  al.  [3]  creates  matrix  bound  semicon- 
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ductor  crystallites  like  zinc  sulfide,  which  in  their 
early  stages  of  growth  reveal  quantum  confine¬ 
ment  effects  [4],  This  matrix-mediated  growth 
technique  was  modified  to  make  manganese  and 
terbium-doped  zinc  sulfide  particles  which 
demonstrate  quantum  eonfinement  effects  as  de¬ 
duced  from  the  luminescent  properties  of  both 
the  host  crystal  and  the  dopant.  The  synthesis  of 
this  material,  its  properties,  and  how  the  molecu¬ 
lar  level  environment  and  growth  kinetics  affect 
the  properties  will  be  discussed  in  this  paper. 

When  the  radius  of  a  semiconductor  crystallite 
is  comparable  to  the  excitonic  Bohr  radius  ( ~  50 
A  in  ZnS)  the  electronic  properties  change  (5], 
For  insi.iiKc.  ,i  blue  shift  was  observed  in  the 
bandg.ir  reused  t„)  for  quantum-sized  ZnS 
partK-h  M'liition  by  Henglein  in  1984  [6). 
Since  'h.  '  -.  si  of  the  II-VI,  some  111-V.  and 
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group  IV  semiconductors,  when  prepared  as 
quantum-sized  particles,  demonstrate  quantum 
size  effects  in  their  physical  properties.  Besides 
the  size,  another  requirement  is  that  particles 
must  remain  isolated  from  one  another;  if  al¬ 
lowed  to  aggregate,  the  material  will  exhibit  bulk 
properties  despite  the  small  size  of  the  particles. 

Bulk  manganese-doped  zinc  sulfide  has  a  yel¬ 
low  luminescence  which  results  from  the  d-d 
transition  of  the  Mn,  involving  the  4T1-6A1  lev¬ 
els,  and  its  emission  peaks  at  about  2.12  eV  (585 
nm).  The  photoluminescent  excitation  (PLE) 
wavelength  of  this  emission  was  measured  to  be 
3.65  eV  (340  nm)  which  is  close  to  the  bandgap  of 
ZnS  (3.66  eV)  [1].  In  quantum  confined  ZnS:  Mn 
particles,  this  excitation  energy  is  seen  to  increase 
with  the  increase  in  bandgap  (i.e.  a  blue  shift)  [1]. 
The  radiative  recombination  lifetime  of  this  tran¬ 
sition  in  bulk  material  is  about  1.7  ms.  In  the 
quantum-confined  ZnS:Mn  we  have  shown  that 
the  recombination  lifetime  shortens  dramatically 
to  approximately  4  ns  and  the  efficiency  of  this 
luminescence  is  comparable  to  that  measured  in 
bulk  ZnS:Mn(18%)[2l. 

The  matrix-mediated  growth  technique  is  par¬ 
ticularly  appropriate  for  making  quantum-con¬ 
fined  doped  semiconductors  for  two  reasons:  (1) 
crystallites  form  on  the  matrix,  and  grow  by  inter- 
molecular  diffusion  though  the  matrix,  thus  isola¬ 
tion  of  the  particles  is  assured  once  growth  condi¬ 
tions  are  removed,  and  (2)  the  chemistry  lends 
itself  to  doping  with  a  metal  salt  of  the  activator 
element.  The  process  is  to  dissolve  poly(ethylene 
oxide)  polymer  (PEO)  in  water  with  the  desired 
metal  salts  which  bind  to  the  polymer,  this  mate¬ 
rial  is  dried  and  placed  in  a  nonsolubilizing 
solution  (typically  a  hydrocarbon)  with  the 
sulfur  donating  reactant,  hexamethyldisilthian 
(S(Si(CHi),);,.  The  reaction  to  form  ZnS  in  the 
PEO  matrix  is: 

ZnClj  -I-  S(Si(CH,),i)2  ZnS  +  2  Si(CH,),Cl. 

With  time,  ZnS  molecules  diffuse  and  heteroge¬ 
neously  nucleate  stable  particles  which  then  grow 
by  continued  molecular  additions  or  aggregation 
of  discrete  particles. 

There  are  also  two  drawbacks  to  this  ap¬ 
proach:  ( 1 )  the  final  concentration  of  doped  semi¬ 


conductor  particles  in  the  matrix  is  low  and  (2) 
particles  of  greater  complexity  are  limited  by  the 
chemistry.  Other  polymer  matrbc  based  synthesis 
routes  are  less  attractive  because  either  the  ma¬ 
trix  will  not  bind  the  particles  or  reactions  are  too 
selective  to  allow  incorporation  of  the  dopant. 

The  application  of  this  process  to  make  a 
luminescent  quantum-confined  material,  and  the 
incorporation  of  an  activator  element  into  the 
semiconductor  phase  is  unique.  To  manipulate 
the  optical  properties  of  an  activator  element  by 
the  quantum  confinement  of  its  host  is  an  impor¬ 
tant  new  area  for  materials  research. 


2.  Experimental  procedure 

A  solution  was  prepared  as  follows:  0.09  gram 
ZnCl2  and  0.01  g  MnCl,  (weighed  in  a  nitrogen 
glovebox)  were  dissolved  into  30  ml  distilled  and 
deionized  water  to  which  1.35  g  200,0(X)  MW 
polyethylene  oxide  polymer  (PEO)  was  added. 
This  was  then  stirred  for  2  h  to  dissolve  the  PEO. 
The  translucency  of  the  PEO  matrix  can  be  im¬ 
proved  by  lowering  the  initial  pH,  and  thus  avoid¬ 
ing  polymer  crystallization.  The  solution  was  cast 
onto  4X6  inch  plate  glass  sheets  and  dried  under 
flowing  nitrogen  for  4  h  before  being  peeled. 
Complete  drying  of  the  coupons  is  essential  to 
improving  the  rate  of  particle  forming.  After  fur¬ 
ther  drying  on  the  reverse  side,  the  PEO  matrbc 
was  cut  into  0.5  square  inch  coupons  and  put  into 
40  ml  vials  filled  with  a  cyclohexane  and  hexa¬ 
methyldisilthian  solution:  this  reactive  solution 
consists  of  100  ml  CftH,,  cyclohexane  with  0.40 
ml  S(Si(CH,),)2  hexamethyldisilthian.  Growth 
experiments  were  done  by  removing  the  coupons 
from  the  reactive  solution  at  various  times,  drying 
under  nitrogen,  and  evaluating  the  properties. 
Samples  are  stable  for  up  to  8  months,  but  some 
variation  in  optical  characteristics  were  seen  after 
I  year  in  samples  prepared  with  high  concentra¬ 
tions  of  reactants. 

Ultraviolet  absorption  measurements  were 
made  by  direct  transmission  on  a  Perkin-Elmer 
330  UV-VIS  spectrophotometer.  The  photolumi¬ 
nescent  (PL)  emission  and  photoluminescent  ex¬ 
citation  (PLE)  spectra  of  Mn’^  ion  in  bulk  pow- 
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ders  and  the  nanocrystalline  ZnS  within  the  PEO 
matrix  were  measured  at  room  temperature  using 
Spex-Fluorolog  1680,  0.22  m  double  grating  spec¬ 
trometer.  The  excitation  source  was  a  xenon  lamp 
and  the  PL  data  were  taken  with  exciting  wave¬ 
length  of  300  nm.  All  spectra  were  corrected  for 
source  intensity  variation  with  the  Spex  DMIB 
spectroscopy  laboratory  coordinator  system. 


3.  Results  and  discussion 

Ultraviolet  spectroscopy  of  the  PEO/ZnS ;  Mn 
coupons  show  that  the  ZnS  bandgap  is  greatly 
increased  in  the  initial  precipitates.  Fig.  1  shows 
the  ultraviolet  absorption  for  a  time  series  of 
ZnS:Mn  precipitates  in  PEO.  The  peak  in  the 
UV  absorption  is  indicative  of  the  bandgap  of  the 
semiconductor  ZnS  particle.  The  curves  demon¬ 
strate  that  the  bandgap  of  the  material  shifts 
towards  higher  wavelengths  as  the  particles  grow. 
The  initial  absorption  peak  is  at  261  nm  after  five 
days,  which  is  blue  shifted  from  that  expected  for 
bulk  ZnS,  340.6  nm,  by  about  78  nm.  Based  on 
the  calculations  of  Rossetti  et  al.  [7],  this  indi¬ 
cates  a  size  of  approximately  27  A.  After  35  days, 
the  absorption  peak  is  at  277  nm  and  particles 
are  estimated  to  be  about  36  A  in  size.  The  UV 


250  500  350  400 

Wavelength  (nm) 


Fig.  1.  UV  absorption  of  ZnS:Mn/PEO  nanocomposiles  and 
the  change  in  absorption  with  time. 


450  500  550  600  650  700 

Wavelength  (nm) 

Fig.  2.  Photoluminescent  emission  of  ZnS:Mn  nanocompos¬ 
ites.  excitation  energy  300  nm. 


spectrum  revealed  a  red  shift  and  shape  change 
characteristic  of  particle  growth,  yet  remained 
blue  shifted  (shorter  wavelengths)  with  respect  to 
a  bulk  material  and  are  still  quantum  sized. 

Photoluminescence  measurements  demon¬ 
strate  the  effects  of  doping  the  ZnS  with  Mn.  The 
light  emission  of  the  ZnS:Mn/PEO  nanocom¬ 
posite  show  the  characteristic  orange  emission  of 
Mn  in  a  ZnS  host  (585  nm).  This  photolumines¬ 
cent  emission  is  shown  in  Fig.  2.  Bulk  ZnS:Mn 
powder  has  its  emission  centered  at  585  nm, 
while  the  emission  varies  from  590  nm  for  short 
growth  times  to  587  nm  at  longer  growth  times. 
This  spectrum  is  evidence  that  the  activator  has 
been  incorporated  into  the  ZnS  particles,  other¬ 
wise  efficient  emission  at  these  wavelengths  would 
be  impossible  This  change  in  PL  with  time,  and 
therefore  as  a  function  of  particle  growth,  is 
characterized  by  an  intensity  increase,  most  likely 
from  the  increased  number  of  particles  in  the 
matrix,  and  a  slight  change  in  peak  position  and  a 
narrowing.  The  shift  in  peak  position  with  growth 
is  thought  to  be  a  result  of  e-h  localization  in  the 
quantum-confined  particles  lifting  the  degeneracy 
of  the  4T1  and  6A1  levels  and  thereby  shifting 
the  transition  to  lower  energy  levels  [8].  The 
narrowing  is  perhaps  attributable  to  changes  in 
the  size  distribution,  to  be  discussed  below. 
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Fig.  3.  Photoluminescent  excitation  of  ZnS ;  Mn/PEO 
nanocomposites,  emission  energy  was  selected  based  on  the 
maximum  emission  value  of  the  individual  sample  (S90  to  587 
nm). 


The  unique  character  of  this  material  becomes 
more  apparent  in  the  excitation  spectra  for  the 
Mn  emission,  which  is  shown  in  Fig.  3.  In  bulk 
ZnS:Mn,  the  PLE  has  its  maximum  at  332  nm. 
This  excitation  wavelength  is  close  to  the  bandgap 
of  bulk  ZnS  (340  nm).  The  Mn  excitation  in  the 
smallest  of  the  quantum-sized  ZnS  particles  has 
its  maximum  intensity  at  a  wavelength  of  281  nm 
(4.41  eV),  in  which  UV  absorption  indicated  a 
bandgap  of  261  nm.  In  spite  of  the  variation 
between  the  two  values,  it  is  clear  that  the  changes 
in  the  excitation  energy  of  the  Mn^^  transition  is 
due  to  the  increased  band  gap  of  the  quantum 
confined  ZnS  host,  while  the  Mn  transition  re¬ 
mains  at  about  583  nm  in  bulk  and  quantum  size 
ZnS  samples.  The  difference  in  the  excitation 
spectra  of  the  two  materials  results  from  the 
change  in  the  ZnS  band  gap.  With  the  growth  of 
particles,  the  peak  becomes  sharper,  more  in¬ 
tense,  and  shifts  to  297  nm  (4.17  eV)  as  in  the  UV 
absorption.  This  material  displays  a  significant 
shift  in  its  excitation  spectra  with  no  accompany¬ 
ing  shift  in  the  emission  peak  location  and  is 
indicative  of  the  quantum  confinement  of  the 
matrix  bound  particles. 


The  evolution  of  the  optical  characteristics  in 
Figs.  2  and  3  also  gives  us  information  about  the 
growth  of  the  particles  and  indirectly  about  the 
chemical  interaction  of  the  precipitate  and  the 
matrix.  PEO  is  known  to  bind  monovalent,  diva¬ 
lent  and  trivalent  cations  [9]  and  it  is  likely  that 
the  zinc  chloride,  and  after  reaction  the  zinc 
sulfide  molecules,  bond  with  the  negatively 
charged  ether  oxygens  of  the  PEO  by  either  elec¬ 
trostatic  attraction  or  by  the  partial  sharing  of  a 
lone  pair  of  electrons  -  thereby  forming  a  coordi¬ 
nate  bond  [10].  The  strength  of  this  attraction  will 
dictate  the  growth  rate  of  the  ZnS  particles. 

From  the  PLE  data  in  Fig.  3,  we  can  study  the 
diffusion  controlled  growth  of  the  ZnS  particles 
which  follows  the  initial  heterogeneous  nucle- 
ation.  By  treating  the  matrbc  as  a  solution  and 
assuming  that  growth  occurs  under  steady  state 
conditions,  and  that  the  concentration  is  not  de¬ 
pleted  significantly  by  nucleation,  it  is  possible  to 
calculate  a  diffusivity  for  ZnS  molecules  in  the 
PEO.  From  the  ZnS  growth  shown  above,  there 
is  a  shift  in  bandgap  from  4.41  to  4.17  eV  over  30 
days,  from  theoretical  calculations  [7]  this  indi¬ 
cates  particle  growth  from  approximately  27  to  36 
A,  giving  a  growth  rate  (d/?/dt)  of  0.0125  A/h. 
The  molar  volume  of  ZnS,  V,  is  23.83  cm’/mol 
and  the  equilibrium  concentration  C®  of  ZnS 
molecules  (assuming  complete  conversion  of 
ZnCl2)  is  6.25  X  10“’  mol/cm’.  The  steady  state 
diffusion  controlled  growth  of  a  single  component 
can  be  described  with  the  simplified  equation 
[11]: 

AR 

dt  R 

For  the  samples  described  above,  £>z„s  2.3 

AVh. 

This  diffusivity  will  vary  with  the  attraction  of 
the  cation  to  the  PEO.  In  the  binding  of  monova¬ 
lent  cations  to  PEO,  the  binding  constant  de¬ 
creases  with  increased  atomic  number  [12].  The 
same  is  expected  to  hold  true  for  divalent  cations 
like  Zn  and  Cd.  PLE  measurements  of  the  band 
to  band  excitation  for  undoped  CdS  precipitated 
in  PEO  is  presented  in  Fig.  4.  The  growth  of  CdS 
was  observed  to  be  much  faster  than  the  ZnS, 
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Wavelength  (nm) 

Fig.  4.  Photoluminescent  excitation  of  CdS/PEO  nanocom- 
posite,  measured  at  80  K.  Emission  energy  was  650  nm  for  the 
6  day  sample  and  680  nm  for  the  10  day  sample. 


and  £g  varies  from  3.1  to  2.92  eV,  an  increase  in 
size  from  39  to  50  A  [13],  in  only  4  days.  For  the 
values  of  V  (29.97  cmVmol)  and  C  (5.33  x  lO"’ 
mol/mm^)  of  these  samples,  the  Dq^  is  279.7 
A^/h,  a  123-fold  increase  from  the  ZnS.  This 
difference  in  diffusivity  cannot  be  entirely  at¬ 
tributed  to  differences  in  electrostatic  attraction 
between  the  molecules  and  the  PEO  matrix.  Dif¬ 
ferences  in  conformation  of  the  solute  molecules 
to  the  binding  sites  on  the  PEO,  and  the  effect  of 
the  solute  molecules  on  the  structure  and  crys¬ 
tallinity  of  the  matrix,  may  also  contribute  to  the 
enhanced  growth  rate  of  the  CdS  in  PEO. 

By  viewing  this  technique  as  heterogeneous 
precipitation  followed  by  diffusion  controlled 
growth,  it  is  possible  to  better  characterize  the 
evolution  of  the  quantum  confinement  related 
properties.  The  precipitates  are  isolated  through¬ 
out  the  matrix,  rather  than  clustered,  and  as  the 
particles  grow  the  width  of  the  distribution  will 
narrow  [11]  as  is  usual  with  diffusion  controlled 
growth,  producing  sharper  and  more  intense 
spectral  characteristics.  Eventually  the  particles 
will  become  large  enough  for  interparticle  attrac¬ 
tion  forces  to  dominate  and  clusters  will  form. 
Besides  changing  the  chemistry,  the  eventual  size 
distribution  can  be  effected  by  changes  in  solute 


concentration,  matrix  density,  and  temperature. 
There  is  also  an  effect  from  the  choice  of  organic 
solvent  in  the  reactive  solution,  because  of  differ¬ 
ences  in  the  solvation  of  the  solute  molecules  will 
alter  the  binding  to  the  matrix.  For  example,  the 
decrease  in  binding  energy  from  toluene  in  this 
work  is  apt  to  be  less  than  that  for  tetrahydrofu- 
ran. 


4.  Conclusions 

The  precipitation  of  semiconductors  within  a 
polymer  matrix  is  attractive  for  both  its  simplicity 
and  the  uniform  size  distribution  of  discrete  par¬ 
ticles  created.  We  have  presented  an  example 
where  a  dopant  was  incorporated  simultaneously 
in  a  nanosize  particle.  This  material  shows  the 
characteristic  emission  associated  with  the  dopant 
and  characteristic  effects  of  quantum  confine¬ 
ment,  including  increased  bandgap  and  shorten¬ 
ing  of  the  radiative  recombination  lifetime.  Fur¬ 
ther  development  of  this  technique  will  require 
the  development  of  techniques  to  extract  parti¬ 
cles  while  retaining  quantum  conHnement.  This 
should  be  possible  by  the  use  of  surfactants  in 
solvents  for  the  PEO  matrix.  The  possible  future 
applications  of  this  type  of  material  include  sen¬ 
sor  materials  and  optical  switches. 
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Abstract 

CdS  quantum  dots  under  weak  confinement  conditions  embedded  in  a  polyvinyl  alcohol  (PVA)  polymer  film  have 
been  studied  in  the  presence  of  an  external  electrical  field  at  different  densities  of  photoexcited  carriers.  Applying 
an  external  electric  field  strength  of  5  X  10''  V/cm.  the  observed  absorption  change  Aa/a  in  this  material  is  =  7CL. 
At  high  laser  excitation  the  electric  field  separates  the  laser  excited  carriers  and  the  change  in  absorption  is 
attributed  to  a  compensation  of  the  many-particic  interaction  by  the  external  electrical  field.  A  restoring  of  the 
oscillator  strength  is  observed  and  explained  by  screening  effects  of  the  polarization  fields  in  the  interface  region  due 
to  the  photogcncratcd  electron-hole  pairs. 


1.  Introduction 

At  present,  intensive  research  work  is  going  on 
concerning  the  electrooptic  properties  of  11-Vl 
quantum  dots  embedded  in  glass  comprising  de¬ 
tailed  line  shape  analysis  of  the  electric  field 
induced  absorption  change  [1-6].  These  investi¬ 
gations  show  relatively  small  changes  in  a.  with 
values  far  below  1%  and  often  only  visible  in 
modulation  spectroscopy  and  at  field  strengths  of 
>  10^  V/cm.  An  essential  problem  arises  from 
the  low  filling  factor  (<  10^^)  resulting  in  a  flat 
absorption  edge  in  the  linear  spectra,  from  the 
strong  inhomogeneous  broadening  by  the  size 
distribution,  and  from  the  technological  problem 
in  the  realization  of  electric  contacts.  For  the 
above  reasons,  it  seems  interesting  to  investigate 
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quantum  dots  in  organic  matrizes  instead  of 
glasses,  allowing  us  a  better  control  of  the  devel¬ 
opment  and  growth  of  the  quantum  dots.  The 
promising  nonlinear  optical  properties  of  CdS  in 
a  polymer  film  environment  have  already  been 
demonstrated  in  refs.  [7-9],  Some  first  results  of 
electro-optic  experiments  have  been  published 
for  CdS  and  CdSe  embedded  in  an  acrylonitril- 
styrene  copolymer  (AS)  and  in  polymethyl¬ 
methacrylate  (PMMA)  [10,11]. 

The  main  topic  of  our  contribution  is  the  in¬ 
vestigation  of  the  electro-optic  changes  of  the 
absorption  spectra  of  CdS  quantum  dots  embed¬ 
ded  in  PVA.  The  action  of  the  electric  field  will 
be  discussed  in  connection  with  different  levels  of 
optical  excitation,  i.e.  at  different  optically  in¬ 
duced  charged  carrier  concentrations.  Special  at¬ 
tention  has  been  paid  to  hints  on  interface-in¬ 
duced  internal  polarization  fields  similar  to  those 
produced  by  the  lattice  mismatch  at  the  interface 
in  strained-layered,  two-dimensional  superlat- 
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tices.  In  these  structures  a  large  electro-optic 
response  has  been  found  for  piezoelectrically 
generated  polarization  fields,  modulated  by  exter¬ 
nal  electrical  fields  or  high  densities  of  laser 
excited  carriers  [12-14], 


2.  Sample  characterization 

With  regard  to  the  electric  field  experiments, 
one  has  to  find  samples  which  meet  the  following 
requirements:  (i)  well-defined  sizes  and  thus  good 
knowledge  of  the  confinement  regime,  e.g.  for  the 
clarification  of  the  influence  of  Coulomb  interac¬ 
tion  between  electron  and  hole  on  the  electro¬ 
optic  properties,  (ii)  a  sharp  absorption  edge  or  a 
narrow  absorption  peak  for  the  optimum  modula¬ 
tion  of  the  contrast,  (iii)  a  volume  fraction  of  the 
semiconductor  quantum  dots  in  the  range  of  1% 
to  10%  to  decrease  the  layer  thickness  down  to 
some  tens  of  microns  ensuring  a  high  electrical 
field  at  moderate  voltages  and  a  reasonable  ab¬ 
sorption  coefficient,  and  (iv)  no  (or  low)  electrical 
conductivity,  realized  by  an  insulating  matrix  and 
by  keeping  an  upper  limit  for  the  volume  fraction 
of  semiconductor  dots  to  prevent  a  mutual  con¬ 
tact  or  percolation.  Polyvinyl  alcohol  (PVA)  has 
been  proved  to  be  a  good  stabilizer  for  quantum 
dots  of  the  narrow  gap  semiconductor  PbS  [15] 
and  is  also  well  suited  for  the  incorporation  of 
CdS. 

The  films  were  prepared  by  the  procedure 
described  in  detail  in  ref.  [16].  After  drying,  a 
water  free  CdS/PVA  film  of  a  dimension  of 
~  10  cm^  and  a  thickness  of  50  to  75  ^m  was 
obtained  showing  a  clear  yellow  colour.  For  the 
contacts,  a  symmetric  coplanar  electrode  configu¬ 
ration  was  used  (see  ref.  [17])  by  evaporating 
metal  films  at  both  sides  of  the  sample  leaving  a 
free  slit  in  the  centre  of  about  100  /xm  width  for 
light  transmission  and  detection.  In  the  following 
the  electric  field  strength  is  given  in  terms  of  the 
external  electrical  field  because  the  knowledge  of 
depolarization  factors  is  rather  poor.  At  room 
temperature,  a  value  of  the  electrical  conductivity 
K  =  6x  10"**  S/cm  =  6 X  10"'^  m/(/2  mm^) was 
obtained,  which  is  approximately  the  value  of  the 
pure  PVA  polymer. 


2.45  2.50  2.55  2.60 
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Fig.  I.  Linear  absorption  spectrum  (solid  curves),  spectrum  of 
the  change  in  optical  density  -  Aa.  and  the  bleached  absorp¬ 
tion  (dashed  curves)  of  CdS  quantum  dots  embedded  in  PVA 
(thickness  of  the  sample  </  =  75  iim.  7"  =  20  K.  laser  excitation 
energy  at  2.6.5  eV  and  2  MW/cm'). 


For  the  characterization  of  the  material,  an 
analysis  of  the  linear  and  nonlinear  absorption 
and  the  luminescence  has  been  carried  out  and 
described  in  ref  [16].  High-resolution  electron 
microscopy  gives  an  estimation  of  the  radii  of 
*  20  nm  (=r  lag).  These  radii  correspond  to  the 
weak  confinement  regime.  The  confinement  in¬ 
duced  high  energy  shift  expected  in  the  linear 
absorption  spectrum  is  only  in  the  order  of  some 
meV.  Accordingly,  the  linear  absorption  spec¬ 
trum  in  Fig.  1  is  still  similar  to  that  of  bulk  CdS. 
A  steep  rise  of  the  absorption  of  over  300  cm  * 
in  an  energy  interval  of  only  50  meV  can  be  seen 
for  the  CdS/PVA  film.  Evidently,  the  sharp  on¬ 
set  of  the  absorption  has  been  achieved  which  is 
necessary  for  an  application  in  electric  field  ex¬ 
periments.  The  steepness  of  the  absorption  edge 
is  essentially  preserved  up  to  room  temperature. 
Furthermore,  a  volume  fraction  of  the  semicon¬ 
ductor  material  in  the  host  as  large  as  1%  to  3% 
can  be  determined  from  the  absorption  coeffi¬ 
cient.  The  sizes  of  quantum  dots  realized  in  the 
CdS/PVA  film  are  rather  large,  so  that  the  prop¬ 
erties  will  be  close  to  the  bulk  properties  and  let 
expect  a  great  influence  of  excitonic  effects. 

The  measurements  of  the  nonlinear  absorption 
of  Fig.  1  were  performed  using  a  pump-and-probe 
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set-up  consisting  of  excimer-laser-putnped  dye 
lasers.  The  narrow-band  pump  laser  was  tuned  to 
an  excitation  energy  of  2.63  eV.  The  experiment 
shows  a  broad  absorption  bleaching  over  the 
whole  spectral  range  of  the  ground  state  absorp¬ 
tion  peak.  This  behaviour  can  be  explained  in 
analogy  to  the  bulk  mechanisms  causing  the  opti¬ 
cal  nonlinearity.  In  bulk  CdS,  the  excitonic  ab¬ 
sorption  vanishes  with  increasing  carrier  density 
due  to  the  Mott  transition  and  formation  of  a 
dense  electron-hole  plasma  (see,  o  9.  refs. 
[18,19]).  Screening  of  the  Cou’  ib  im.iaction 
and  gap  shrinkage  appear  com  d  with  band 
filling  effects.  In  contrast  to  the  bui..,  in  the  large 
CdS  quantum  dots  investigated  here,  no  induced 
absorption  has  been  found  either  at  low  or  at 
room  temperature.  A  strong  line  broadening  of 
the  linear  absorption  of  the  ground  state  could 
mask  this  feature;  however,  more  important  for 
the  explanation  of  the  nonlinear  absorption  spec¬ 
tra  is  the  change  in  the  interaction  mechanisms 
within  the  many-particle  system  occurring  due  to 
the  weak  confinement.  The  higher  exciton  bind¬ 
ing  energy  in  lower  dimensional  systems  and  the 
minor  importance  of  screening  effects  due  to  the 
restricted  mobility  of  the  electron-hole  pairs  [20] 
should  result  in  more  pronounced  exciton-exci- 
ton  interaction  effects. 


3.  Electric  field  effects  at  different  excitation  den¬ 
sities 

The  spectrum  obtained  in  electroabsorption  at 
low  light  excitation  and  presented  in  Fig.  2  shows 
a  distinctly  larger  change  in  the  absorption  coeffi¬ 
cient  compared  to  those  reported  for  CdS  in 
glasses  [1-6].  This  can  be  easily  explained  by  the 
higher  filling  factor  and  by  an  optimum  contact 
configuration  resulting  in  a  homogeneous  field 
and  giving  an  efficient  potential  drop  over  the 
microcrystal. 

The  description  by  a  three-line  feature,  as 
known  from  the  increase  of  damping  of  an  iso¬ 
lated  Lorentzian  resonance,  fails,  obviously,  due 
to  the  presence  of  two  or  more  near  neighbouring 
and  strongly  broadened  states  and  their  superpo¬ 
sition.  The  excitonic  effects  are  not  destroyed  by 
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Fig.  2.  Electric  field  induced  change  of  the  absorption  coeffi¬ 
cient  da  at  low  light  excitation,  room  temperature  and  an 
electric  field  strength  of  E  =  106  kV/cm. 


the  electrical  field  even  for  an  electric  field 
strength  larger  than  the  ionizing  field  strength  of 
the  bulk  semiconductor  of  =10'*  V/cm  in  (TdS 
[21].  The  field  ionization  is  suppressed  because 
the  exciton  feels  the  surrounding  potential  bar¬ 
rier.  As  already  proposed  in  refs.  [I -5,10],  the 
result  of  Fig.  2  is  discussed  in  terms  of  the  quan¬ 
tum-confined  Stark  effect;  however,  with  a  typical 
behaviour  more  similar  to  bulk  CdS,  i.e.  more 
pronounced  broadening  and  a  smaller  red  shift. 

In  Fig.  3  the  difference  in  absorption  with  and 
without  an  electrical  field  of  E  =  50  kV /cm  has 
been  measured  in  the  presence  of  a  photoexcited 


Fig.  3.  Change  of  the  absorption  coefficient  da  of  the 
CdS/PVA  film  with  an  applied  electric  field  of  50  kV/cm 
and  increasing  excitation  at  2.63  eV  (measured  at  F  20  K); 
(1)  100  kW/cm^  (2)  1  MW/cm^  (3)  2  MW/cm^ 
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dense  carrier  system.  Because  of  the  use  of  the 
broad  band  continuum  of  a  pulsed  dye  laser  to 
measure  the  corresponding  reference  absorption 
spectra,  a  lower  experimental  accuracy  has  to  be 
taken  into  account  compared  to  the  experiments 
at  low  light  intensity.  Aa  has  been  calculated 
with  the  nonlinear  absorption  as  the  reference 
spectrum  at  zero  electrical  field  strength. 

Starting  with  an  excitation  intensity  of  100 
kW/cm^,  where  the  absorption  is  bleached  by 
only  some  cm“ the  action  of  an  external  electric 
field  on  the  nonlinear  absorption  is  small  and 
within  the  experimental  error  (spectrum  (1)). 
However,  a  pronounced  effect  can  be  detected  at 
excitation  intensities  of  1  MW/cm^.  The  corre¬ 
sponding  nonlinear  spectrum  shows  an  absorp¬ 
tion  bleaching  of  about  20  cm~'.  Thus,  the  ap¬ 
plied  electric  field  compensates  nearly  completely 
the  high-density  effects  induced  by  the  laser  exci¬ 
tation  (spectrum  (2)).  Exciting  the  CdS  quantum 
dots  with  an  intensity  of  2  MW/cm^,  the  change 
in  absorption  obtained  is  even  larger  than  the 
bleaching  at  the  same  intensity  without  field 
(spectrum  (3)). 

We  explain  our  results  as  follows:  The  electri¬ 
cal  field  acts  on  a  high-density  particle  system 
generated  by  the  laser  excitation.  The  most  sim¬ 
ple  excited  state  consists  of  a  four-particle  system 
and  it  is  obvious  that  already  this  state  is  more 
sensitive  with  respect  to  the  ionizing  effect  of  the 
external  electrical  field  destroying  the  excited 
states.  The  electrical  field  then  separates  the 
excited  carriers  and  cancels  the  many-particle 
interaction  in  the  microcrystal,  the  bleaching  is 
reduced,  and  a  positive  change  in  a  is  obtained. 
On  the  other  hand,  the  optically  excited  electrons 
and  holes,  which  are  separated  and  driven  by  the 
external  field  near  the  interfaces,  create  a  depo¬ 
larization  field.  There  the  charged  carrier  cloud 
screens  the  internal  fields  and  potential  fluctua¬ 
tions  produced  by  the  interface.  Consequently,  a 
restoring  of  the  oscillator  strength  is  evidently 
connected  with  an  increase  of  the  absorption 
peak. 

To  further  clarify  the  situation,  the  absorption 
spectra  (Fig.  4)  are  shown  at  three  different  con¬ 
ditions:  spectrum  (1)  is  the  linear  spectrum  with¬ 
out  field  and  excitation,  (2)  is  the  spectrum  for 


Photon  Energy  (eV) 

Fig.  4.  Absorption  spectra  of  the  CdS/PVA  film  without 
electric  field  and  at  low  excitation  densities  (1).  without  elec¬ 
tric  field  but  under  laser  excitation  of  2  MW/cm^  (2),  with 
electric  field  of  50  kV/cm  and  laser  excitation  of  2  MW/cm- 
<3). 

high  excitation  intensity  of  2  MW /cm^  resulting 
in  a  bleaching  of  the  absorption  without  electrical 
field.  When  an  electrical  field  is  switched  on,  the 
nonlinear  bleaching  effect  declines  in  strength  for 
the  reasons  given  above  and  the  linear  absorption 
spectrum  is  gradually  restored.  Moreover,  at  the 
highest  excitation  the  action  of  the  electrical  field 
results  in  a  larger  absorption  maximum  and  in  a 
slight  decrease  of  the  linewidth  (3).  The  experi¬ 
mental  data  in  Figs.  3  and  4  show  the  modulation 
of  a  by  controlling  the  efficiency  of  the  many- 
particle  interaction  by  the  external  electrical  field. 


4.  Conclusion 

When  CdS  quantum  dots  are  grown  in  a  poly¬ 
mer  film  environment  (PVA),  the  observed  change 
in  the  absorption  under  the  action  of  an  electrical 
field  is  large  compared  to  quantum  dots  in  glasses. 
This  is  partly  attributed  to  the  higher  filling  fac¬ 
tor  and  to  the  optimum  contact  configuration 
resulting  in  a  homogeneous  field  penetration  and 
in  an  efficient  potential  drop  over  the  quantum 
dot.  In  addition,  the  weak  confinement  increases 
the  ionization  field  strength  of  the  exciton  giving 
an  excitonic  absorption  also  at  higher  electrical 
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fields.  In  the  nonlinear  optical  behaviour,  the 
weak  quantum  confinement  yields  in  a  reduction 
of  screening  effects  and  thus  influences  the  spec¬ 
tral  shape  and  the  saturation  intensity  of  the 
bleaching.  The  polymer  environment  gives  an  in¬ 
trinsic  potential  field  near  the  interface  which 
can  be  modulated  by  (i)  high  carrier  concentra¬ 
tions  or  (ii)  extrinsic  field  strengths.  Such  a  mech¬ 
anism  for  modulating  the  absorption  spectrum  by 
combining  CdS  quantum  dots  and  a  polymer  has 
not  been  reported  up  to  now. 
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Abstract 

Infrared  photoluminescence  (PL)  measurements  have  been  performed  on  17  [211]-oriented  superlattices  with 
energy  gaps  spanning  the  range  i  10-495  meV.  The  spectra  for  7  different  samples  display  double  peaks,  which  are 
attributed  to  monolayer  fluctuations  in  the  average  thickness  of  the  quantum  wells.  The  peak  splittings  vary 
systematically  with  PL  energy  gap  (£p),  and  are  accurately  reproduced  by  orientation-dependent  band  structure 
calculations  if  the  magnitude  of  the  fluctuations  is  taken  to  be  1.5  monolayers.  These  data  confirm  that  the 
low-temperature  [211]  growth  produces  islands  with  monolayer  average  smoothness  over  lateral  dimensions  of  at 
least  500-1(KX)  A.  Results  are  compared  with  earlier  determinations  of  the  interface  roughness  correlation  length 
from  magneto-transport  measurements.  In  agreement  with  theoretical  predictions,  the  decrease  of  d£p/dT  with 
increasing  £p  is  as  rapid  as  that  in  the  Hg,_^j,Cd,Te  alloy. 


This  work  reports  a  comprehensive  experimen¬ 
tal  and  theoretical  investigation  of  infrared  pho¬ 
toluminescence  (IRPL)  in  HgTe-CdTe  superlat¬ 
tices.  By  correlating  results  for  a  large  number  of 
samples  with  a  broad  range  of  layer  thicknesses 
and  energy  gaps,  we  are  able  to  probe  the  funda¬ 
mental  nature  of  the  IRPL.  We  focus  in  particu¬ 
lar  on  the  first  observation  of  multiple  PL  peaks 
due  to  monolayer  (ML)  fluctuations  of  the  quan¬ 
tum  well  thickness.  These  are  indicative  of  excep¬ 
tional  growth  quality,  since  they  imply  the  exis¬ 
tence  of  large  lateral  islands  over  which  the  aver¬ 
age  layer  thickness  is  smooth  to  within  1  ML.  In 
only  two  previous  studies  of  HgTe-CdTe  and 
Hg,_^Cd^Te-CdTe  superlattices  have  multiple 
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peaks  been  reported  near  the  band  edge  [1,2]. 
and  in  both  cases  the  energy  splittings  were  far 
too  large  to  be  associated  with  ML  fluctuations 
(they  agreed  with  calculated  energy  differences 
between  the  heavy  and  light  valence  bands).  While 
an  earlier  report  of  PL  data  from  one  of  the 
present  samples  attributed  the  second  peak  to 
bound-exciton  transitions  [3],  we  now  believe  that 
interpretation  to  be  incorrect. 

The  HgTe-Hg|_^Cd^Te  superlattices  were 
deposited  directly  onto  [21 1]B  CdTe  substrates  by 
photo-assisted  molecular  beam  epitaxy  (PAMBE) 
[3-5].  The  growth  temperature  was  170°C.  and 
barrier  compositions  x  were  =  0.9  due  to  a  con¬ 
tinuous  Hg  overpressure.  Table  1  lists  the  well 
and  barrier  thicknesses  (rfy^  and  d^)  for  17  dif¬ 
ferent  superlattices,  as  determined  from  a  corre¬ 
lation  of  the  growth  rate,  the  total  thickness,  and 


0022-()248/94/$07.00  ©  1994  Elsevier  Science  B.V.  All  rights  reserved 
SSDI  0022-0248(93)E0674-V 


982 


J.R.  Meyer  et  al.  /Journal  of  Crystal  Growth  138  ( 1994)  981  -987 


comparison  of  the  PL  energy  gap  to  theory  [6]. 
Transmission  electron  microscopy  (TEM)  mea¬ 
surements  on  some  of  the  superlattices  [3-5]  indi¬ 
cated  sharp  interfaces  with  no  significant  interdif¬ 
fusion,  and  that  the  thickness  was  essentially  uni¬ 
form  from  front  to  back  over  as  many  as  400 
periods.  While  the  dislocation  densities  were  too 
low  to  be  accurately  determined  by  TEM,  chemi¬ 
cal  defect  etching  indicated  densities  in  the  range 
10’- 10'*  cm“’  [4],  These  are  the  lowest  reported 
to  date  for  MBE-grown  Hg-based  superlattices, 
and  are  among  the  best  for  Hg-based  films  grown 
by  any  technique.  Double  ciy  stal  X-ray  rocking 
curves  displaying  satellite  peaks  provide  further 
evidence  for  the  periodicity  and  high  structural 
quality  [4]. 

IRPL  measurements  employing  excitation  by  a 
CW  Nd ;  YAG  laser  were  carried  out  at  Martin 
Marietta,  in  a  system  which  has  been  described 
elsewhere  [7].  All  17  of  the  investigated  samples 
emitted  photoluminescence,  which  is  not  surpris¬ 
ing  since  recombination  lifetimes  for  a  number  of 
these  superlattices  were  in  the  100  ns  to  20  /lis 
range  [3-8].  Table  1  summarizes  the  experimen¬ 
tal  PL  peak  energies  (£p)  and  full  widths  at  half 
maximum  (FWHM)  for  all  samples,  as  well  as 


Table  1 


Weil  and  barrier  thicknesses,  photoluminescence  peak  energy, 
full  width  at  half  maximum,  and  double-peak  energy  separa¬ 
tion  for  17  (21 1]-oriented  HgTe-Hg^  ,oCdoy„Te  superiattices 
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Fig.  1.  Experimental  PL  spectra  showing  the  double  peak  for 
SL-862  at  77  K  (for  two  pump  powers),  and  at  I4.S  K. 


double-peak  energy  splittings  (AE)  for  those  7 
which  displayed  clearly-resolvable  multiple  peaks. 
While  the  other  10  superiattices  exhibited  only  a 
single  peak,  in  several  cases  that  feature  con¬ 
tained  a  shoulder  or  other  substructure  suggest¬ 
ing  that  the  PL  in  fact  consisted  of  poorly-re- 
solved  multiple  contributions.  Double  peaks  were 
observed  in  both  n-  and  p-doped  samples,  as  well 
as  in  undoped  .superiattices. 

Typical  IRPL  spectra  displaying  the  double 
peaks  are  illustrated  in  Fig.  1  for  SL-862.  Data 
are  shown  at  77  and  145  K  for  the  maximum 
pump  power  (P)  of  500  mW  and  at  77  K  for  a 
much  lower  P  (30  mW).  The  two  peaks  separated 
by  30  meV  are  seen  to  have  similar  line  shapes 
and  FWHM  (28  meV).  Note  that  whereas  the 
lower-energy  peak  is  more  intense  at  the  lower 
temperature  and  pump  power,  the  higher-energy 
peak  becomes  dominant  once  the  temperature  is 
increased  to  145  K. 

We  carried  out  detailed  theoretical  modeling 
of  the  PL  line  shapes  in  order  to  determine 
whether  some  aspect  of  the  band  structure  could 
account  for  the  presence  of  prominent  double 
peaks  with  the  observed  properties.  It  is  well 
known  that  the  complicated  free  carrier  disper¬ 
sion  relations  in  HgTe-CdTe  superiattices  lead 
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to  multiple  peaks  in  both  the  magneto-transmis¬ 
sion  spectra  (e.g.,  double  hole  cyclotron  reso¬ 
nance)  [9]  and  the  “mobility  spectra”  from  the 
conductivity  tensor  (e.g.,  due  to  “mass  broaden¬ 
ing”  and  the  extremely  nonparabolic  hole  mass) 
[10].  However,  our  calculations  demonstrate  that 
these  phenomena  have  a  relatively  weak  effect  on 
the  PL  line  shape.  Whereas  the  magneto-optical 
and  magneto-transport  data  are  quite  sensitive  to 
variations  in  the  electron  and  hole  masses  indi¬ 
vidually,  the  density  of  states  which  governs  the 
photoluminescence  depends  only  on  the  reduced 
electron-hole  mass  =  m~' +  m/).  Thus 
even  a  very  strong  variation  in  the  hole  mass 
shifts  and  the  PL  intensity  by  less  than  a 
factor  of  2.  While  the  model  based  on  non¬ 
fluctuating  layer  thicknesses  sometimes  produces 
a  shoulder  due  to  contributions  from  different 
regions  of  the  miniband  or  a  very  weak  second 
feature  due  to  transitions  involving  the  light  hole 
band,  we  find  that  those  mechanisms  fail  com¬ 
pletely  to  account  for  the  energy  splittings,  inten¬ 
sity  ratios,  and  layer-thickness  dependences  of 
the  observed  multiple  peaks. 

It  has  recently  been  shown  that  in  the  case  of 
GaAs-Al  jGa,  _^As  heterostructures,  monolayer 
fluctuations  in  the  quantum  well  thickness  can 
lead  to  well-rc.solved  multiple  peaks  in  the  exci- 
tonic  PL  [11-13].  The  observation  of  double  peaks 
in  the  present  spectra  (e.g..  Fig.  1)  may  similarly 
be  attributed  to  the  coexistence  of  extended  is¬ 
lands  having  a  given  average  with  other  is¬ 
lands  whose  average  thickness  differs  by  approxi¬ 
mately  1  ML.  TTiis  model  accounts  for  the  near 
equality  of  the  observed  FWHM  for  the  two 
peaks,  as  well  as  for  the  temperature  shift  of  the 
intensity  ratio.  While  the  lowe'-energy  PL  line 
dominates  at  low  temperatures  because  the  elec¬ 
tron  and  hole  wavefunctions  are  localized  in  the 
islands  with  thicker  quantum  wells,  the  higher-en¬ 
ergy  line  gains  intensity  with  increasing  tempera¬ 
ture  as  carriers  are  thermally  excited  into  the 
islands  with  thinner 

The  strongest  evidence  for  this  interpretation 
is  that  it  accurately  accounts  for  both  the  magni¬ 
tude  and  the  energy-gap  dependence  of  the  split¬ 
ting  energy.  The  filled  circles  in  Fig.  2  plot  the 
experimental  variation  of  AE  with  (higher- 
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Fig.  2.  Double-peak  splitting  versus  PL  energy  gap  (higher-en¬ 
ergy  peak).  The  curves  are  based  on  theoretical  analyses, 
assuming  well-width  fluctuations  of  1  monolayer  (1..32  A. 
dashed  curve)  and  1.5  monolayers  (I.S5  A.  solid  curve).  The 
harrier  thickness  in  the  calculation  is  .30  A.  lor  which  the  lop 
vcale  gives  the  well  thickness  correspcrnding  to  the  energy  gap 
in  the  bottom  scale. 


energy  line)  for  the  7  superlattices  displaying 
double  peaks.  Apart  from  one  anomalous  point, 
the  dependence  is  seen  to  be  quite  systematic. 
Using  an  8-band  transfer-matrix  algorithm  {k  ■  p) 
which  explicitly  accounts  for  the  growth  orienta¬ 
tion  [6],  we  have  calculated  the  expected  shift  of 
£p  resulting  from  a  1  ML  fluctuation  [14]  of  dy^ 
(assuming  =  30  A)  in  a  [211]  HgTe- 
Hg„  ,Cd,mTe  superlattice.  The  result  is  given  by 
the  dashed  curve  in  Fig.  2.  We  find  that  to  lowest 
order,  this  calculation  without  adjustable  parame¬ 
ters  accounts  quite  well  for  both  the  magnitude 
and  the  layer-thickness  dependence  of  the  ob¬ 
served  AE.  Furthermore,  the  solid  curve  indi¬ 
cates  that  if  the  fluctuation  magnitude  is  taken  to 
be  1.5  ML,  the  data  are  reproduced  almost  ex¬ 
actly.  It  should  be  noted  that  the  multiple-peak 
splittings  reported  for  GaAs-Al,Ga|  _ ,  As  het¬ 
erostructures  typically  corresponded  to  0.6- 1.2 
ML  rather  than  precisely  1  ML  [11,12,15]. 

The  experimental  observation  of  monolayer 
thickness  fluctuations  in  the  PL  data  is  indicative 
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of  high  growth  quality,  since  it  implies  that  the 
islands  over  which  the  average  quantum  well 
thickness  maintains  monolayer  smoothness  must 
be  quite  large.  Neighboring  islands  contribute 
separately  to  the  photoluminescence  only  if  their 
diameter  is  larger  than  the  electron  and  hole 
wavefunctions.  Comparison  with  estimates  for  ei¬ 
ther  the  exciton  diameter  or  the  de  Broglie  wave¬ 
lengths  yields  that  the  island  size  in  the  present 
structures  must  exceed  500- KXX)  A  [16].  How¬ 
ever,  it  should  be  emphasized  that  the  interfaces 
are  known  to  remain  microrough  on  the  atomic 
scale,  i.e.,  the  implied  "smoothness”  pertains  only 
to  a  constant  average  layer  thickness  within  a 
given  island  [11,12,15,17]. 

These  conclusions  from  our  PL  data  should  be 
considered  in  the  context  of  earlier  magneto- 
tr  nsport  determinations  of  .1,  the  interface 
roughness  correlation  length  (whose  interpreta¬ 
tion  is  roughly  equivalent  to  that  of  the  island 
diameter  di.scussed  here)  [18,19].  By  fitting  a  phe¬ 
nomenological  model  for  interface  roughness 
scattering  to  experimental  electron  mobilities  in 
HgTe-CdTe  superlattices  with  thin  quantum 
wells,  .1  =s  3(K)  A  was  obtained  for  a  series  of 
[l(M)]-orientcd  (PAMBE)  samples  [10,20]  and  \ 
*  2(K)  A  for  a  .series  of  [21  l]-oriented  (non¬ 
photo-assisted  growth)  superlattices  [6].  The  dis¬ 
cussion  of  the  previous  paragraph  implies  that 
these  )  are  somewhat  smaller  than  the  minimum 
required  for  the  observation  of  multiple  PL  peaks, 
and  in  fact  such  features  due  to  ML  thickness 
fluctuations  have  never  been  observed  in  materi¬ 
als  fabricated  under  the  growth  conditions  em¬ 
ployed  in  refs.  [6]  and  [10]. 

Further  information  about  the  nature  of  the 
islands  is  provided  by  scanning  as  a  function 
of  lateral  position.  For  SL-862,  spectra  were  ob¬ 
tained  at  a  grid  of  41  different  locations  on  the 
surface  of  the  2x2  cm’  wafer.  Although  the 
relative  intensities  varied  from  point  to  point, 
double  peaks  were  observed  at  most  positions, 
and  both  energies  shifted  smoothly  and  in  tan¬ 
dem  with  translation  of  either  in-plane  coordi¬ 
nate.  Data  acquired  for  coarser  grids  on  several 
of  the  other  samples  similarly  indicated  gradual 
shifts  of  the  peak  energies  with  location  on  the 
surface.  Since  abrupt  rather  than  gradual  varia¬ 


tions  should  have  been  obtained  if  the  net  layer 
thicknesses  change  only  in  sudden  jumps  as  one 
moves  from  island  to  island,  these  observations 
imply  that  the  discrete  steps  of  =1.5  ML  occur 
at  only  one  of  the  two  interfaces  of  each  quantum 
well  [12],  i.e.,  either  HgTe-on-CdTe  or  CdTe-on- 
HgTe  but  not  both.  Recent  reflection  high  energy 
electron  diffraction  (RHEED)  data  by  Myers  et 
al.  [21]  indicate  that  for  [211]  growth  it  is  the 
HgTe-on-CdTe  interface  which  is  smoother.  One 
also  expects  that  a  lateral  variation  in  the  flux 
rate  should  lead  to  transition  regions  in  which 
islands  with  three  different  layer  thicknesses  co¬ 
exist  in  relatively  close  proximity.  Spectra  for 
SL-637  confirm  that  while  either  one  or  two  PL 
peaks  are  observed  at  most  positions  on  the  wafer, 
a  third  peak  occasionally  emerges  as  the  surface 
is  scanned.  The  three  FWHM  are  comparable 
( =  30  meV),  and  the  two  energy  splittings  sepa¬ 
rating  the  peaks  are  nearly  equal  ( J£  =  60  meV). 
Additional  conclusions  concerning  the  [211] 
growth  kinetics  are  discussed  in  a  separate  work 
[7]. 

Having  identified  the  origin  of  the  multiple 
peaks  in  the  spectra  for  some  of  the  samples,  we 
now  consider  in  more  detail  the  implications  of 
the  PL  results  for  all  17  superlattices.  We  begin 
by  noting  that  the  77  K  values  of  the  FWHM 
from  Table  1  show  little  apparent  correlation 
with  £.'p  or  layer  thickness.  The  spectra  as  a 
function  of  T  (down  to  10  K  in  some  cases) 
generally  yielded  a  zero-temperature  extrapola¬ 
tion  FWHM,,  in  the  range  9-18  meV.  These  are 
somewhat  narrower  than  previous  low-tempera¬ 
ture  values  of  18-110  meV  [1,2,22-25],  and  the 
FWHM  of  10  meV  obtained  earlier  [3]  for  SL-632 
at  4.5  K  is,  to  our  knowledge,  the  narrowest  ever 
reported  for  a  Hg-based  superlattice.  The  non- 
thermal  contribution  to  the  observed  linewidth  is 
probably  due  primarily  to  broadening  of  the  con¬ 
duction  and  valence  extrema  by  potential  fluctua¬ 
tions  [24,26].  One  obvious  source  of  these  fluctua¬ 
tions  is  the  presence  of  monolayer  roughness  (on 
a  lateral  scale  smaller  than  the  exciton  diameter 
and  de  Broglie  wavelength)  at  one  of  the  two 
interfaces  for  each  quantum  well  (as  mentioned 
earlier,  the  RHEED  results  imply  that  it  is  the 
CdTe-on-HgTe  interface  which  is  rougher  [21]). 
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Fig.  3.  Experimental  (circles)  and  theoretical  temperature 
coefficients  for  the  superlattice  PL  energy  gap  versus  peak 
energy  at  77  K,  where  the  theory  employed  d],  -=  30  A  and  v 
as  indicated  on  the  curves.  The  filled  circles  are  from  the 
present  work,  while  the  open  circles  are  from  the  previous 
study  of  Baukus  et  al.  [22,23].  Also  shown  as  the  dotted  curve 
is  the  analogous  dependence  for  the  Hg,.,Cd,Te  alloy  [27]. 
All  results  represent  an  average  over  the  temperature  range 
77-300  K. 

Broadening  is  also  expected  due  to  fluctuations  in 
the  alloy  composition  of  the  barrier  layers.  The 
band  structure  calculations  indicate  that  fluctua¬ 
tions  on  the  order  of  ±0.05  would  ac¬ 

count  for  a  significant  fraction  of  the  observed 
FWHMo. 

We  next  consider  the  related  issue  of  how 
and  the  energy  gap  vary  with  temperature.  It 
is  well  known  that  dE^/dT  is  positive  for  HgTe 
and  negative  for  CdTe,  with  a  cross-over  at  x  = 
0.5.  In  lowest  order,  one  may  expect  the  superlat¬ 
tice  to  mimic  HgTe,  since  the  baseline  for  the 
confinement-induced  energy  levels  is  £^(7)  in 
the  quantum  well  material.  However,  a  more 
detailed  calculation  indicates  that  when  dw  is 
very  thin,  the  net  temperature  coefficient  in  the 
superlattice  becomes  quite  sensitive  to  d£,/d7 
in  the  barrier  layers.  This  is  evident  from  both 
experimental  and  theoretical  results  for  d£p/d7 
in  Fig.  3,  which  illustrates  that  the  decrease  of 
the  temperature  coefficient  with  increasing  en¬ 


ergy  gap  is  just  as  rapid  in  the  superlattice  as  it  is 
in  the  Hg|_,Cd^Te  alloy  [27]  (dotted  curve).  The 
data  are  taken  from  spectra  at  7  between  77  and 
300  K  for  1 1  of  the  present  samples  (filled  circles), 
along  with  two  superlattices  studied  previously  by 
Baukus  et  al.  [22,23]  (open  circles).  Theoretical 
dependences  were  obtained  using  temperature- 
dependent  [211]  energy  gaps  from  the  transfer- 
matrix  algorithm,  where  we  have  employed  the 
relation 

E^{l)=E^{T)+uk^T.  (1) 

The  solid  curve  in  the  figure  represents  u=  1/2, 
which  is  appropriate  for  momentum-conserving 
band-to-band  transitions  when  non-thermal 
broadening  mechanisms  are  ignored.  Since  the 
calculation  employs  no  adjustable  parameters,  the 
agreement  with  experiment  should  be  considered 
relatively  good. 

However,  the  dashed  curve  in  Fig.  3  indicates 
that  theory  and  experiment  come  into  much  bet¬ 
ter  agreement  over  the  entire  range  of  energy 
gaps  if  i/  =  0.5  is  replaced  by  v  =  1.5.  Many  previ¬ 
ous  studies  of  temperature-dependent  PL  in  Hg- 
based  superlattices  and  alloys  have  similarly  found 
that  d£p/d7  is  equivalent  to  dE^j/dT-l- 
with  £g(7)  determined  independently,  only  when 
1  <  »<  <  6  is  employed  [22-24,28-33].  This  finding 
is  often  interpreted  [28-31]  as  implying  that  mo¬ 
mentum  is  not  conserved  in  the  radiative  transi¬ 
tions,  since  theory  then  yields  v  =  2  [29].  How¬ 
ever,  that  interpretation  is  inconsistent  with  other 
aspects  of  the  data,  particularly  the  magnitude  of 
i'fwhm'  temperature  coefficient  of  the 
FWHM.  Ravid  and  Zussman  have  point  out  that 
while  j'fwiim  “  expected  for  momentum- 

conserving  processes,  a  much  larger  value  of 
•^FwiiM  ~  3.4  is  predicted  for  non-A:-conservation 
[34].  Our  spectra  yield  1.1  <  which 

is  far  to  small  to  be  explained  within  the  non-con- 
servation-of-momentum  hypothesis,  and  nearly  all 
previous  PL  data  at  higher  temperatures  similarly 
imply  »'fwiim  3.4  [22-24,31,33].  It  should  be 
noted  that  Hunter  and  McGill  limited  their  origi¬ 
nal  discussion  of  the  possible  importance  of  this 
mechanism  in  Hg,_,Cd,Te  to  the  low  tempera¬ 
ture  regime  ( 7  <  30  K),  for  which  an  electron-hole 
droplet  like  model  was  invoked  [29].  The  earlier 
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theory  of  Lasher  and  Stern  for  non-A: -conserving 
transitions  in  GaAs  was  similarly  restricted  to  low 
temperatures,  since  it  was  based  on  processes 
involving  localized  states  in  the  tails  of  the  bands 
[35].  Those  authors  specifically  argued  that  mo¬ 
mentum  should  be  conserved  at  higher  tempera¬ 
tures,  since  most  of  the  carriers  then  occupy 
non-localized  states  well  above  the  band  extrema. 
Previous  attributions  oi  i>>  0.5  at  7"  >  77  K  to 
non-conservation  of  momentum  therefore  seem 
physically  unreasonable.  A  more  likely  interpreta¬ 
tion  is  that  the  observed  value  of  v  results  from  a 
broadening  of  the  density  of  states  by  potential 
fluctuations  [24].  At  lower  temperatures,  for  which 
the  electrons  and  holes  preferentially  occupy 
states  in  the  tails  of  the  fluctuations,  PL  can 
occur  at  energies  below  the  average  band  gap. 
However,  as  k,J'  approaches  the  magnitude  of 
the  fluctuations  the  PL  energy  becomes  more 
representative  of  the  average  £g,  hence  £p  dis¬ 
plays  an  anomalously  large  temperature  shift  be¬ 
tween  the  two  regions.  To  account  for  the  dis¬ 
crepancy  between  theory  (with  v  =  0.5)  and  ex¬ 
periment  in  Fig.  3,  the  additional  energy  shift 
between  77  and  3(X)  K  must  be  approximately 
15-20  meV,  i.e.,  of  the  same  order  as  the  non- 
thermal  broadening  of  the  PL  line. 

While  our  data  show  no  positive  evidence  for 
exciton  or  shallow-impurity  contributions  to  the 
PL,  one  cannot  rule  out  that  those  processes 
contribute  since  the  predicted  binding  energies 
are  much  smaller  than  the  observed  FWHM 
[2,24].  It  can,  however,  be  concluded  that  deep 
acceptors  play  no  significant  role  in  the  PL  for 
our  superlattices. 

In  summary,  we  have  experimentally  and  theo¬ 
retically  investigated  the  photoluminescence 
properties  of  HgTe-CdTe  superlattices  with  a 
broad  range  of  energy  gaps.  A  sizable  fraction  of 
the  .samples  display  double  PL  peaks  due  to 
monolayer  fluctuations  in  the  quantum  well  thick¬ 
ness.  The  systematic  variation  of  peak  splitting 
with  energy  gap  is  reproduced  by  [211]  band 
structure  calculations  if  the  thickness  fluctuations 
are  taken  to  have  units  of  1.5  ML.  These  results 
confirm  that  the  superlattice  growth  quality 
achievable  by  PAMBE  is  quite  high,  and  that  at 
lea.st  one  interface  for  each  quantum  well  has 


monolayer  average  smoothness  over  island  di¬ 
mensions  exceeding  500  A.  Data  for  dE^/dT  as 
a  function  of  Ep  have  been  compared  with  the 
theoretical  temperature  shift  of  the  energy  gap. 
The  relatively  modest  discrepancy  has  been  at¬ 
tributed  to  the  influence  of  potential  fluctuations 
rather  than  to  non-conservation  of  momentum  as 
proposed  in  several  previous  works. 

We  are  grateful  for  discussions  with  C.A. 
Hoffman,  B.V.  Shanabrook,  N.  Otsuka,  T.H.  My¬ 
ers,  and  N.C.  Giles,  and  thank  Quantum  Semi¬ 
conductor  Algorithms  for  the  use  of  superlattice 
band  structure  software.  This  research  was  sup¬ 
ported  by  the  Air  Force  Wright  Laboratory  Mate¬ 
rials  Directorate. 
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Abstract 

By  means  of  linear  and  nonlinear  spectroscopy,  the  energy  states  and  linewidths  were  investigated  for  CdS 
quantum  dots  under  weak  confinement  grown  in  the  coalescent  or  normal  growth  process.  The  homogeneous  line 
broadening  measured  by  differential  absorption  spectroscopy  and  non-degenerate  four-wave  mbdng  is  strongly 
influenced  by  the  interface  properties  and  is  considerably  larger  than  reported  for  bulk  CdS.  This  difference  has 
been  attributed  to  a  dephasing  process  introduced  by  interface  polarizations.  The  direct  electron-hole  pair 
recombination  is  characterized  by  a  sharp  luminescence  peak  20  meV  below  the  absorption  band.  The  Huang-Rhys 
parameters  have  been  estimated  from  both  the  luminescent  Stokes  shift  and  the  linewidth,  and  good  agreement  has 
been  achieved. 


To  characterize  the  quantum  confinement  of 
zero-dimensional  structures  (quantum  dots,  QDs), 
the  analysis  generally  starts  with  the  determina¬ 
tion  of  energy  states  and  linewidths  derived  from 
the  absorption  spectra.  Because  of  the  rather 
smooth  structures  in  the  linear  absorption  of 
quantum  dots,  nonlinear  optical  methods  have 
been  successfully  applied  as  an  useful  tool  to 
resolve  the  electronic  levels  [1-10].  (Concerning 
II- VI  quantum  dots,  the  studies  were  mostly 
concentrated  on  the  strong  confinement  with  radii 
smaller  than  the  Bohr  radius,  but  a  lack  of  infor¬ 
mation  exists  with  respect  to  the  weak  confine¬ 
ment,  where  the  properties  of  the  quantum  dots 
should  converge  to  the  corresponding  solid  state 
material. 

In  this  paper  we  report  on  CdS  QDs  in  the 
weak  confinement  range  (R  =  7-9  nm  corre- 
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sponding  to  2.5  to  3.5aB,  where  =  2.6  nm) 
adjusted  by  special  heat  treatments.  Besides  the 
known  influence  of  the  growth  process  on  the 
inhomogeneous  line  broadening,  it  has  been 
found  that  likewise  the  homogeneous  linewidth  F 
can  no  longer  be  considered  as  independent  of 
the  growth  process.  F  can  be  modified,  e.g.  by 
changing  the  polar  coupling  constant  due  to  in¬ 
terface  polarizations  or  charge  localizations.  For 
the  CdS  QDs  investigated,  the  energy  states  have 
been  identified  by  differential  absorption  spec¬ 
troscopy  (DAS)  and  the  linewidths  F  have  been 
estimated.  The  value  of  F  obtained  from  the 
analysis  of  the  hole-burning  has  been  compared 
with  results  obtained  by  luminescence  experi¬ 
ments  and  nondegenerate  four-wave  mixing 
(NDFWM). 

The  experiments  have  been  carried  out  at  three 
representative  samples.  They  were  grown  using 
the  same  matrix  composition  of  56%  SiOj,  8% 
BjOj,  24%  K^Q,  3%  CaO  and  9%  BaO.  The 
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first  sample  has  been  obtained  from  a  diffusion 
controlled  process  near  nucleation,  carried  out  at 
the  low  temperature  of  600°C  over  60  h  (labelled 
in  the  following  as  600°C/60  h).  The  second 
sample  is  grown  at  high  temperature  to  promote 
directly  the  coalescence  avoiding  the  normal 
growth  stage  (labelled  700°C/8  d).  Whereas  for 
this  700°C/8  d  sample  a  preceding  preannealing 
step  has  been  performed  at  560°C  over  some 
days,  the  third  sample  is  grown  without  this  nu¬ 
cleation  phase  (labelled  700°C/7  d/no  nucle¬ 
ation).  For  sample  600°C/60  h,  the  sizes  of  the 
quantum  dots  have  been  carefully  determined  by 
small-angle  X-ray  scattering  to  be  R  =  7.5  nm 
with  an  average  deviation  of  20%.  For  the  sam¬ 
ples  grown  at  700°C,  a  somewhat  larger  average 
radius  around  9  nm  can  be  estimated  from  the 
absorption  onset  at  lower  energies,  compared  to 
the  sample  600“C/60  h. 

Fig.  1  shows  the  linear  and  nonlinear  absorp¬ 
tion  spectra  of  the  Cd$  quantum  dots  arising 
from  the  different  growth  stages.  The  differences 
in  the  linear  absorption  spectra  of  the  three  sam¬ 
ples  are  essentially  confined  to  the  different  scale 
in  ad  caused  by  the  different  realized  volume 
fractions  of  the  semiconductor  material.  In  con¬ 


trast  to  small  CdSe  QDs,  no  sharp  peaks  but  two 
pronounced  steps  characterize  the  spectral  be¬ 
haviour  of  the  linear  spectra.  The  observed 
changes  in  absorption  in  the  bleached  spectra 
(dashed  lines)  are  concentrated  in  the  spectral 
region  of  these  steps.  The  nonlinear  absorption 
(Aad)  has  been  measured  by  nanosecond  pump- 
and-probe  spectroscopy  with  different  energies  of 
the  pump  laser  ranging  from  2.6  to  2.75  eV.  To 
compare  the  absorption  changes  of  the  different 
samples  in  Fig.  1,  the  pump  intensity  has  been 
normalized  to  excite  nearly  equal  carrier  densi¬ 
ties.  A  fitting  procedure  based  on  the  superposi¬ 
tion  of  multiple  Lorentzian  curves  has  been  car¬ 
ried  out,  keeping  in  mind  that  this  gives  only  a 
first  approximation.  The  obtained  information  can 
be  summarized  in  the  following  items: 

(i)  The  first  absorption  maximum  related  to 
the  electron-hole  pair  ground  state  has  been 
found  at  2.64  eV  for  sample  6(X)°C/60  h  and  at 
2.61  eV  for  the  70()°C  samples.  Compared  to  the 
lowest  bulk  exciton  energy  (2.55  eV)  and  to  the 
radii  of  the  quantum  dots,  the  high-energy  shift 
experimentally  observed  is  larger  than  expected 
from  the  confinement.  This  is  a  clear  hint  at  the 
presence  of  additional  potentials  besides  the  con- 
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Fig.  1.  Linear  and  differential  absorption  spectra  of  the  CdS  quantum  dots  measured  at  F  >  20  K  and  at  excitation  intensities 
normalized  to  excite  approximately  the  same  carrier  density:  (a)  60(FC/60  h,  -  200  kW/cm^;  (b)  700°C/8  d.  1^  -  2 
MW/cm^;  (c)  700°C/7  d/no  nucleation.  -  2  MW/cm^.  The  pump  energy  is  indicated  by  arrows.  The  dashed  line  shows  the 
bleached  absorption  spectrum  for  the  pump  energy  being  resonantly  to  the  second  peak  at  2.7  eV.  respectively. 


U.  Waggon  el  at. /Journal  of  Crystal  Growth  US  ( 1994)  988-992 


990 

fining  barrier,  e.g.  strain  or  intrinsic  polarizations, 
at  the  interface. 

(ii)  A  second  transition  can  be  resolved  in  the 
Aa  spectra,  in  particular  for  sample  600“C/60  h. 
The  energy  position  has  been  determined  to  be 
2.71  eV  for  sample  600‘’C/60  h  (difference  with 
the  first  peak  is  70  meV)  and  2.675  eV  for  the 
other  two  samples  (65  meV  difference).  The  en¬ 
ergy  distance  between  the  first  and  the  second 
peak  is  very  similar  to  the  A-C  valence  band 
splitting  of  bulk  CdS  and  shows  a  small  tendency 
to  increase  with  decreasing  size.  The  two  lowest 
peaks  were  therefore  attributed  to  the  electron- 
hole  pair  states  with  the  lowest  hole  states  arising 
from  the  upper  and  the  spin-orbit  split-off  va¬ 
lence  band. 

(iii)  The  width  of  the  bleaching  spectrum  is 
strongly  dependent  on  the  growth  procedure.  For 
discussing  tendencies,  an  estimation  of  the  homo¬ 
geneous  linewidth  can  be  made  assuming  the 
dominance  of  a  single  Lorentzian  resonance  for 
each  peak.  The  full  width  at  half  of  the  maximum 
(FWHM)  is  then  for  the  first  peak  in  the  DAS  of 
sample  600°C/60  h  approximately  35  meV,  and 
54  meV  and  58  meV  for  samples  700°C/8  days 
and  700°C/7  days,  respectively.  The  differences 
in  the  linewidth  of  the  bleaching  spectra  of  Figs, 
la-lc  were  also  preserved  with  decreasing  pump 
intensity,  so  that  power  broadening  gives  always 
the  same  (small)  contribution. 

Apparently,  the  different  growth  processes  in¬ 
troduced  different  interface  configurations, 
thereby  giving  rise  to  a  change  in  the  scattering 
mechanisms.  Because  of  the  weak  confinement 
range,  the  energy  shift  of  the  resonances  is  small 
compared  to  their  homogeneous  linewidth.  and 
the  homogeneous  and  inhomogeneous  broaden¬ 
ing  are  of  the  same  order  of  magnitude.  Changing 
the  pump  energy,  the  bleaching  spectrum  is  spec¬ 
trally  constant  and  does  not  shift  with  the  laser 
excitation. 

(iv)  For  all  samples  the  second  peak  has  a 
larger  line  broadening  than  the  first  peak.  This 
behaviour  is  typical  for  scattering  processes  from 
excited  states  to  the  ground  state.  Obviously,  an 
effective  relaxation  to  the  ground  state  takes 
place,  also  demonstrated  by  the  ratios  of  the 
intensities  of  the  two  peaks  (sample  6()()°C/60  h). 


Exciting  with  pump  energies  resonant  to  the 
high-energy  peak,  a  distinct  bleaching  at  lower 
energies  has  been  observed.  This  is  in  contrast  to 
the  result  obtained  for  very  small  CdSe  QDs  in 
the  strong  confinement  [10],  where  the  ratio  of 
the  intensities  of  the  bleaching  signal  from  the 
two  lowest  electron-hole  pair  transitions  is  oppo¬ 
site  and  relaxation  seems  to  be  suppressed. 

(v)  The  absolute  value  of  Aa  is  significantly 
larger  for  sample  600°C/60  h.  For  the  matrbc 
composition  considered,  the  diffusion  controlled 
growth  process  near  nucleation,  carried  out  at 
low  temperatures,  resulted  in  approximately  one 
order  of  magnitude  smaller  saturation  intensities 
and  higher  nonlinear  optical  response  compared 
to  a  high-temperature  heat  treatment. 

(vi)  Q>mpared  to  the  narrow  linewidth  in  the 
DAS  obtained  for  small  CdSe  QDs  [11],  the  low¬ 
est  limit  for  the  optimum  growth  procedure  of 
sample  600°C/60  h  is  still  considerably  large. 
Reasons  could  be  the  remaining  power  broaden¬ 
ing,  the  excitation  of  more  than  one  resonance  or 
stronger  strain-induced  broadening. 

If  the  linewidth  is  mainly  determined  by  the 
polar  electron-hole  pair/phonon  coupling,  cor¬ 
respondence  should  be  obtained  between  the  re¬ 
sults  from  the  DAS  and  the  coupling  parameter 
derived  from  the  Stokes  shift  of  the  luminescence 
with  respect  to  the  absorption  of  the  correspond¬ 
ing  electron-hole  pair  transition.  One  problem 
which  gives  difficulties  in  the  determination  of 
this  Stokes  shift  arises  from  the  contributions  of 
red-shifted  luminescence  caused  by  trap  states. 
The  luminescence  of  the  selected  samples  has 
been  measured  at  different  excitation  conditions 
and  is  shown  in  Fig.  2.  The  dashed  lines  show  the 
luminescence  spectra  of  the  6()0°C/60  h  and  the 
70()°C/7  days  samples  excited  with  a  mercury 
lamp  in  the  UV  region.  At  this  low  intensity  a 
broad,  low-energetically  shifted  luminescence  can 
be  seen  accompanied  for  sample  70()°C/7  days  by 
a  second  band  around  1.7  eV.  which  has  not  been 
found  for  sample  6()()“C/60  h.  The  solid  lines 
show  the  luminescence  under  high  excitation  us¬ 
ing  a  dye  laser  tuned  resonantly  to  2.7  eV.  The 
luminescence  spectra  at  different  excitation  in¬ 
tensities  show  saturable  and  nonsaturable  parts 
which  allow  to  attribute  the  recombination  pro- 
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Fig.  2.  Luminescence  spectra  measured  at  different  excitation 
conditions:  ( - )  excited  with  low  intensity  with  the  mer¬ 
cury  lamp  in  the  UV  region.  ( - )  excited  with  high 

intensity  with  the  dye  laser  tuned  to  2.7  eV.  For  comparison 
the  linear  absorption  spectra  are  shown,  too. 


cesses  to  impurities  and  direct  electron-hole  pair 
recombination.  In  sample  600°C/60  h,  the  trap 
density  is  small  and  its  luminescence  saturates 
with  increasing  intensity.  At  higher  excitation,  the 
influence  of  the  traps  is  suppressed  and  can  only 
be  seen  in  the  low-energy  tail  of  the  luminescence 
band.  The  direct  electron-hole  pair  recombina¬ 
tion  is  characterized  by  a  sharp  luminescence 
band  20  meV  below  the  absorption.  On  the  other 
hand,  in  the  samples  grown  at  700°C,  the  trap 
luminescence  cannot  be  saturated  and  deter¬ 
mines  the  linewidth  of  the  luminescence  peak 
further  on.  A  similar  situation  has  beeT  found  for 
small  CdSe  quantum  dots  [12]. 

Calculating  for  sample  600°C/60  h  the 
Huang- Rhys  parameter  S  from  the  luminescent 
Stokes  shift  ^stoke*  “  20  meV  and  from  the 
linewidth  =  ^5  meV,  we  get  S  =  0.285 

and  5  =  0.25,  respectively  =  meV  for 

CdS). 

Finally,  NDFWM  as  a  further  nonlinear  opti¬ 
cal  method  has  been  applied  to  measure  the 
homogeneous  line  broadening  (for  experimental 
details,  see  ref.  [13]).  For  the  measurement  of  the 


•wi 

diffraction  efficiency,  two  tunable  dye  lasers  have 
been  used.  The  beam  of  laser  1  was  fixed  in 
energy  and  the  diffracted  signal  has  been  mea¬ 
sured  during  the  stepwise  scanning  of  laser  2. 
From  the  dependence  of  the  diffraction  efficiency 
on  the  detuning  the  dephasing  time  -  and  by  this 
the  homogeneous  linewidth  -  can  be  determined 
(see  ref.  [14]).  Fig.  3  shows  the  result  at  low 
excitation  intensity  of  500  kW/cm^.  In  the  pre¬ 
sent  stage  of  application  of  NDFWM  to  quantum 
dots,  the  two-level  model  is  the  best-developed 
description  of  the  quantum-confined  states  and 
therefore  used  for  the  fitting  procedure  of  the 
experimental  results.  From  this  analysis,  a  de¬ 
phasing  time  T->  ~  200  fs  has  been  determined 
which  gives  for  the  homogeneous  linewidth  F  an 
approximately  twice  smaller  value  than  obtained 
from  DAS.  This  finding  will  be  the  subject  of 
further  investigation. 

In  conclusion,  for  the  presented  matrix  compo¬ 
sition,  a  low  temperature  growth  process  results 
in  an  effective  nonlinear  optical  response  with 
large  signals  in  the  differential  absorption  spec¬ 
trum.  For  CdS  QDs  of  average  radius  of  7.5  nm. 
the  two  lowest  transitions  have  been  resolved  at 
2.64  and  2.71  eV.  The  homogeneous  broadening 
is  strongly  influenced  by  the  interface  properties 
and  is  considerably  larger  than  that  reported  for 
bulk  CdS  or  small  CdSe  QDs  in  the  strong  con¬ 
finement  range.  Band-edge  related  luminescence 
has  been  observed  and  good  agreement  could  be 


Fig.  3.  Intensity  of  the  first  diffracted  order  of  an  nondegener¬ 
ate  four  wave-mixing  experiment  using  two  dye-lasers  and 
obtained  by  tuning  the  frequency  of  one  of  the  dye-lasers 
trough  the  resonance,  whereas  the  second  is  fixed  to  the 
resonance  frequency. 
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achieved  for  the  Huang-Rhys  factor  determined 
both  from  luminescent  Stokes  shift  and  from  the 
linewidth. 
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Abstract 

We  have  studied  the  optical  properties  and  electronic  structures  of  quantum-confined  CdS  particles  (Q-particles, 
quantum  dots)  prepared  as  CdS  colloids  in  different  solvents,  CdS  particles  embedded  in  polymer  matrices  and 
vacuum  evaporated  island  films  of  CdS.  Due  to  the  quantum-confined  effect,  the  optical  spectra  of  these  systems 
exhibit  the  explicit  blue  shift  of  fundamental  interband  absorption  and  the  appearance  of  well-pronounced  exciton 
peaks  at  room  temperature.  The  electronic  structure  of  CdS  quantum  dots  was  examined  by  X-ray  photoelectron 
spectroscopy  and  semi-empirical  quantum-chemical  calculations  were  performed.  Both  XRS  data  and  results  of 
calculations  reveal  the  clear  difference  in  valence  band  density  of  states  for  CdS  Q-particles  with  respect  to  bulk 
CdS.  Semiconductor-like  electronic  structure,  especially  for  d-band,  appears  for  CdS  clusters  containing  more  than 
100  atoms.  We  also  compare  the  relative  stability  of  CdS  clusters  of  different  structure.  Additionally,  we  studied  the 
photochemical  properties  of  CdS  Q-particles  and  observed  the  effect  of  spectral  hole  burning  in  the  absorption 
spectra  of  CdS  colloids  in  2-propanol  during  UV  laser  irradiation.  This  phenomenon  results  probably  from  selective 
photo-oxidation  of  CdS  Q-particles,  whose  exciton  absorption  bands  are  close  to  irradiation  wavelength. 


1.  Introduction 

Various  systems,  containing  CdS  Q-particles, 
like  color  optical  glasses,  colloids  and  polymer 
matrices  with  such  particles,  are  now  popular 
objects  to  study  the  optical  properties  of  quantum 
confined  semiconductor  particles.  A  number  of 
quantum  size  effects  have  been  observed  for  CdS 
particles:  size-dependent  variation  of  absorption 
and  luminescence  spectra  [1-61,  transient  in¬ 
duced  absorption,  hole  burning  and  related  non¬ 
linear  effects  [7-11].  Also,  selective  size-depen¬ 
dent  photochemistry  of  semiconductor  quantum 
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dots  opens  new  possibilities  in  realization  of  vari¬ 
ous  photochemical  processes  [12,13]. 

Interpretation  of  optical  properties  of  direct- 
gap  semiconductor  Q-particles  is  based  on  de¬ 
scription  of  excitonic  states  in  the  effective  mass 
approximation  (EMA)  [1,14].  Such  interpretation 
explains  quantitatively  the  main  experimental 
data.  However,  the  electronic  structure  of  quan¬ 
tum  dots  with  diameter  less  than  10  nm  cannot  be 
represented  as  a  simple  extrapolation  of  bulk 
material  band  structure,  especially  for  excited 
states  [15-17].  Likewise,  there  are  certain  prob¬ 
lems  to  determine  experimentally  the  electronic 
structure  of  quantum  dots  because  of  their  poly- 
dispersity  in  real  systems.  In  this  work  we  used 
some  experimental  methods  like  electron  mi- 


0022-0248/94/$07.00  ©  1994  Elsevier  Science  B.V.  All  rights  reserved 
SSDI  0022-0248(93)E0454-F 


994 


y.S.  Gurin,  M.y.  Arlemyer /Journal  of  Crystal  Growth  138  (1994)  993-997 


croscopy  (EM),  X-ray  diffraction  analysis  (XRD), 
optical  spectroscopy  and  X-ray  photoelectron 
spectroscopy  (XPS),  and  carried  out  quantum- 
chemical  calculations  to  obtain  more  information 
about  electronic  structure  of  CdS  Q-particles. 


2.  Properties  of  CdS  Q-particles  in  different  sys¬ 
tems 

We  prepared  CdS  Q-particles  as: 

(1)  colloids  in  water,  2-propanol,  acetonitrile; 

(2)  particles  in  poly(vinyl  alcohol)  PVA  films; 

(3)  CdS  thin  island  films  on  optical  quartz. 
Colloids  of  CdS  Q-particles  were  prepared  by 

chemical  reaction  in  solution  between  Cd^"^  and 
HiS  or  Na2S  in  the  presence  of  PVA  as  a  stabi¬ 
lizer. 

The  PVA  films,  containing  CdS  Q-particles, 
were  prepared  by  evaporation  of  solvents  at  2()°C 
from  the  above-mentioned  colloidal  solutions  at 
optical  quartz  support  until  solid  PVA  film  with 
good  optical  quality  was  formed.  CdS  island  films 
were  obtained  by  thermal  high-vacuum  evapora¬ 
tion  of  CdS  powder  on  optical  quartz  glass.  The 
thickness  of  the  CdS  films  was  3-10  nm. 

Fig.  1  shows  absorption  spectra  in  the  UV- 
visible  region  of  PVA  films  with  CdS  quantum 
dots  obtained  both  from  water  and  from  acetoni- 
trile-ba.sed  colloidal  solutions  and  vacuum  evapo¬ 
rated  CdS  film  of  3  nm  thickness.  The  existence 
of  exciton  absorption  bands  is  observed  at  all 
these  absorption  spectra.  We  have  found  also  a 


Fig,  1.  Absorption  spectra  of  CdS  Q-particles  in  PVA  films 
prepared  from  aqueous  (I)  and  acetonitrile  (2)  colloids,  and 
vacuum  evaporated  CdS  films  of  3  nm  thickness  (3). 


Fig.  2.  XPS  data  for  valence  band  of  CdS  Q-particles  in  PVA 
matrix  prepared  from  aqueous  (a)  and  acetonitrile  (b)  col¬ 
loids.  and  in  island  evaporated  film  of  3  nm  thickness  (c). 


variable  high-energy  shift  of  the  exciton  bands 
with  respect  to  the  absorption  edge  of  bulk  CdS 
(2.58  eV).  This  is  clear  evidence  of  the  quantum- 
confined  effect  in  CdS  particles.  Our  results  con¬ 
form  quantitatively  with  data  of  preceding  studies 
[1-6,12,13]. 

According  to  XRD  data,  CdS  Q-particles  em¬ 
bedded  in  PVA  films  have  sphalerite  crystal  lat¬ 
tice.  The  average  particle  diameter  has  been  esti¬ 
mated  to  be  about  2-3  nm,  from  the  analysis  of 
XRD  line  broadening.  The  mean  diameter  of 
CdS  Q-particles  in  the  vacuum  evaporated  film 
has  been  determined  to  be  about  50  nm,  from 
EM  investigation.  Thus,  to  explain  the  quantum- 
confinement  effect  in  the  absorption  spectra  of 
the  CdS  evaporated  film  in  Fig.  1,  the  existence 
of  ID  quantization  in  thin  planar  CdS  islands 
should  be  proposed. 

Optical  spectroscopy  gives  information  about 
energy  levels  of  highest  occupied  molecular  or¬ 
bital  (HOMO  or  top  of  valence  band  (VB))  and 
lowest  unoccupied  molecular  orbital  (LUMO)  if 
the  semiconductor  quantum  dots  are  considered 
to  be  molecular  clusters.  Other  VB  levels  affect 
weakly  the  energy  of  optical  transitions.  Such 
levels  can  be  very  significant  for  other  properties 
of  semiconductor  particles  when  electrons  from 
the  VB  would  be  excited.  We  studied  the  VB 
structure  by  means  of  XPS  (Fig.  2).  There  is  an 
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explicit  difference  in  XPS  data  for  three  different 
kinds  of  CdS  Q-particles.  The  photoemission 
threshold  is  located  at  ~  6  eV  for  colloidal  parti¬ 
cles  and  at  ~  10  eV  for  evaporated  films  (in  the 
last  case  there  is  also  some  peak  in  the  4.5-6  eV 
region),  while  the  photoemission  peaks  for  bulk 
CdS  lie  at  about  2  and  11  eV  [20].  It  should  be 
noticed  that  we  obtained  a  more  dramatic  size- 
dependent  shift  of  photoemission  spectrum  than 
in  ref.  [21]  for  6.8  nm  CdS  particles.  Within  the 
EMA  approach,  this  shift  can  be  conditioned  by 
quantum-confinement  of  electrons  in  quantum 
dots.  According  to  molecular  orbital  approach, 
the  downward  shift  can  be  explained  as  bond 
formation  from  lower  s-orbitals  of  Cd  and  p- 
orbitals  of  S  (see  the  following  section). 

3.  Quantum-chemical  calculations  of  electronic 
structure  of  CdS  clusters 

The  quantum-chemical  approach  principally 
allows  one  to  determine  the  various  properties  of 
molecules  and  clusters.  Quantum  dots  can  be 
considered  as  large  clusters  with  definite  struc¬ 
tures,  and  computational  troubles  are  simplified 
when  semi-empirical  methods  are  used  [22,23].  In 
the  present  work  we  consider  the  theoretical 
model  of  particles  that  have  the  same  sizes  as  in 
the  experiment.  We  used  the  extended  Hiickel 
method  in  the  Wolfsberg-Helmholz  parametriza- 
tion  with  charge  self-consistence  [23]  (constant  K 
was  fitted  according  to  thermodynamic  data). 

We  calculated  a  number  of  model  clusters 
(Table  1)  of  different  size,  being  the  fragments  of 
sphalerite  and  wurtzite  lattices  (point  groups  Tj 


Table  1 

Relative  stability  of  different  clusters  (CdS)„  estimated  from 
total  electron  energies  the  Cd-S  distance  is  assumed  to  be 
equal  to  0.229  nm  (as  in  the  bulk  sphalerite  lattice) 


Cluster 

Symmetry 

group 

^lolal  / 

(eV) 

Cd^S^ 

+cd„sr 

Oh 

272.04 

cd^sj- 

-fCd^SS* 

Oh 

271.69 

Cd^S^j 

D4h 

27.3.76 

cdX~ 

+  Cd,sr 

Ta 

272.43 

cdXi- 

+  Cd,„S'-" 

Tj 

270.05 

Cti,Xu 

9-Cd,4St,* 

Oh 

270.56 

Cd,4S?^- 

+  Cd„S^" 

Ta 

272.55 

Cd4;4S<;4 

Oh 

269.50 

cd,4S'5 

'  -HCd,4S‘r 

Oh 

268.44 

Cd„S" 

-  -HCd,„sir 

C.,v 

271.82 

“  In  the  case  of  a  different  number  of  Cd  and  S  atoms  in 
clusters,  for  adequate  comparison  of  £„„ai  we  take  the  un¬ 
bounded  pairs  of  clusters  with  the  same  structure  Cd,S,  -i- 
Cd,.S,. 

and  Cj^,,  respectively)  and  other  symmetrical  con¬ 
figurations  (D4h,  Oh).  Most  of  the  structures  we 
took  into  consideration  were  stable  clusters  with 
binding  energies  per  Cd-S  bond  of  more  than  1 
eV.  The  general  result  of  our  calculations  is  the 
appearance  of  bulk-like  band  structure  already  in 
10-20  atomic  clusters  (Fig.  3).  For  the  d-band, 
this  tendency  is  most  explicit.  Near-located  en¬ 
ergy  levels  are  merged  into  a  quasicontinuum, 
and  the  energy  gap  (il)  between  HOMO  and 
LUMO  (which  is  shown  by  the  arrow  in  the 
schemes)  contracts  with  increasing  cluster  size. 
The  schemes  of  energy  levels  in  Fig.  3a  reflect 
clear  variations  of  electronic  structures  of  CdS 
clusters  with  different  number  of  atoms. 

The  data  which  we  obtained  can  be  used  to 
predict  the  optical  properties  of  the  clusters  and 


ksihl  if  stitB  (b) 


Fig.  3.  (a)  Schemes  of  energy  levels  for  various  Cd,S,.  clusters  obtained  from  quantum-chemical  calculations,  (b)  Calculated  density 
of  states  for  Cd54Sh5"  cluster. 
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correlate  with  known  values  of  optical  transitions 
energies  of  (CdS)^  clusters  [2-4,12].  For  example, 
the  near-edge  maximum  in  the  absorption  spec¬ 
trum  is  specific  for  many  semiconductor  clusters 
(it  is  interpreted  as  an  excitonic-like  transition  in 
EMA)  and  corresponds  to  HOMO-LUMO  tran¬ 
sition.  For  Cd,4S6*',  4=3.15  eV,  and  for 
Cd,2Sf4",  4=4.75  eV,  which  is  in  agreement 
with  the  observed  location  of  the  (CdS)^  absorp¬ 
tion  band. 

We  compared  the  calculated  values  of  4  for 
CdS  clusters  of  different  structure  and  the  energy 
of  excitonic  resonances  in  absorption  spectra  of 
various  CdS  Q-particles  (Fig.  1).  For  selected 
clusters  of  symmetry,  exactly  Cd54S4|“, 
CdgjSjJ^  and  Cd54S54,  the  4  value  of  Cd54S6|“ 
corresponds  well  to  the  energy  of  the  excitonic 
resonances  in  Fig.  1.  Hence,  CdS  Q-particles  are 
probably  the  clusters  of  such  a  structure  where 
excess  sulphur  comes  from  solution  during  the 
synthesis  and  stabilizes  the  cluster.  The  XPS 
spectroscopy  data  on  the  VB  energy  of  (CdS)^ 
1-2  nm  particles  immobilized  in  polymer  film 
coincide  qualitatively  with  the  calculated  data  for 
a  Cd54S63"  cluster  (this  cluster  is  a  cube  with 
sides  of  0.916  nm).  Fig.  3b  shows  the  formation  of 
three  bands  of  states  in  the  energy  spectrum  of 
this  cluster.  The  position  of  the  bands  is  in  agree¬ 
ment  with  the  energy  of  the  experimental  peaks. 
This  is  the  evidence  of  general  adequacy  of  the 
calculation,  especially  if  the  non-monodispersity 
of  CdS  Q-particles  in  experimental  samples  is 
taken  into  account. 

It  should  be  noticed  that  according  to  calcula¬ 
tions  all  of  the  above  CdS  clusters  have  a  variety 
of  geometrical  configurations  or  isomeric  struc¬ 
tures  with  approximately  the  same  diameter  and 
energy,  and  each  isomer  could  give  specific  peaks 
in  the  absorption  spectra. 


4.  Photochemical  properties  of  CdS  quantum  dots 

Photochemistry  of  CdS,  PbS  and  other  semi¬ 
conductor  Q-particles  was  studied  frequently 
[26-28].  Qptical  excitation  of  CdS  colloids  in  dif¬ 
ferent  solvents  results  in  photo-oxidation  of  the 
CdS  phase  up  to  the  number  of  soluble  (SO^') 


and  insoluble  (S)  products  [26].  Thus,  CdS  parti¬ 
cles  undergo  photostimulated  etching  and  degra¬ 
dation,  and  we  observe  a  uniform  decay  of  CdS 
fundamental  absorption.  However,  in  the  case  of 
real  CdS  Q-particles  obtained  in  experiment,  the 
absorption  spectra  of  the  Q-particles  consist  of 
superposition  of  excitonic  resonances  of  all  parti¬ 
cles,  which  shift  to  the  high-energy  region  when 
the  particle  diameter  decreases.  Irradiation  of 
Q-particles  with  certain  size  distribution  by 
monochromatic  laser  light  results  in  photo-oxida¬ 
tion  of  particles  whose  excitonic  resonances  are 
close  to  the  irradiation  wavelength.  Selective  pho¬ 
tochemical  degradation  of  such  particles  gives 
.•se  to  hole  burning  in  the  absorption  spectra  at 
the  irradiation  wavelength. 

We  observed  the  hole  burning  in  absorption 
spectra  of  CdS  Q-particles  in  2-propanoI  during 
UV-irradiation  by  pulsed  Nj  laser  (A  =  337.1  nm, 
pulse  energy  was  3  iiJ  of  9  ns  duration,  and 
repetition  frequency  was  100  Hz).  Colloids  with 
CdS  Q-particles  were  prepared  by  mixing  of  2  x 
10~*  M  cadmium  acetate  and  NajS  both  in  2- 
propanol  containing  0.1%  polyvinylpyrrolidone 


Fig.  4.  Optical  density  D  versus  wavelength  A  of  CdS  Q-par¬ 
ticles  in  2-propanol  before  (upper  curve)  and  after  (lower 
curves)  Nj-laser  irradiation  of  various  duration.  Irradiation 
time  increases  from  upper  to  lower  curves  with  30  min  steps. 
Excitation  wavelength  is  indicated  by  arrow.  Insert:  part  of 
spectra  around  irradiation  wavelength  with  higher  resolution. 


K5.  Gunn,  M.V.  Artemyev  /  Journal  of  Crystal  Growth  138  (1994)  993-997 


991 


—  PVPR  (MW  20,000)  as  a  stabilizer.  The  mean 
diameter  of  the  CdS  particles  has  been  estimated 
to  be  about  2  nm  from  the  position  of  the  exciton 
absorption  band  at  the  energy  scale. 

Fig.  4  shows  the  absorption  spectra  of  CdS 
Q-particles  in  2-propanol  before  and  after  laser 
irradiation.  After  the  first  60  min  of  laser  illumi¬ 
nation,  a  well-pronounced  dip  appears  at  the 
irradiation  wavelength,  and  further  prolonged  il¬ 
lumination  transforms  the  hole  burning  effect 
into  complete  disappearance  of  the  excito.i  band. 
This  hole  burning  process  is  irreversible. 

Because  the  absorption  spectra  of  CdS  Q-par¬ 
ticles  consist  of  a  series  of  bands  related  to  vari¬ 
ous  excitonic  transitions  £(5,5,  E,p,p,  etc.  [29], 
selective  degradation  of  Q-particles  could  give  a 
number  of  holes  in  the  absorption  spectra  at  the 
corresponding  transitions  location.  Indeed,  we  can 
see  an  additional  strongly  broadened  dip  around 
A  =  270  nm  (Fig.  4).  The  dip  at  A  =  337  nm 
corresponds  to  the  E,s  ,5  transition,  and  the  high 
energy  dip  can  be  associated  with  the  E,p  ,p  tran¬ 
sition. 
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Abstract 

Experimental  evidence  of  both  weak  and  strong  confinement  regimes  is  reported  on  CdS  nanocrystals  embedded 
in  glass  matrix.  Classic  methods  for  nanocrystallitc  preparation  meet  a  principal  difficulty,  the  ftolydispersion  in  size 
of  crystallites  due  to  several  difficulties  such  as  coalescence  and  decomposition  of  particles  with  time  and  high 
temperatures.  In  this  work,  we  used  a  new  route  to  elaborate  CdS-doped  sodium  borosilicate  glass  from  gel  formed 
in  an  aqueous  medium.  Our  vitreous  matrix  is  fully  and  swiftly  densified  at  relatively  low  temperature,  providing  us 
with  CdS  nanocrystallites  yielding  fine  band-edge  structure  and  .small  size  dispersion.  Low  temperature  absorption 
spectra  have  been  interpreted  in  terms  of  cxcitons  and  electron-hole  confinements,  taking  account  of  both  a 
Lorentzian  broadening  of  the  energy  states  inside  each  nanocrystal  and  a  Gaussian  size-distribution.  It  has  been 
shown  that,  for  very  small  crystallites,  the  strong  blue-shift  of  the  absorption  edge  due  to  the  quantum  size  effects,  is 
partially  compensated  by  a  red-shift  associated  to  the  size  distribution. 


1.  Introduction 

Non-linear  optical  phenomena  are  at  the  ori¬ 
gin  of  ultra-fast  optical  functions  such  as  optical 
switching  and  bistability,  or  highly  non-linear 
waveguides,  etc.  Generally,  semiconductors  are 
favourable  media  for  observing  non-linearities, 
particularly  when  .structured  into  quantum-well 
layers  or  quantum  wires,  where  quantum-confine¬ 
ment  effects  enhance  tho.se  properties  [IJ.  Even 
further  in  the  field  of  low-dimensional  systems, 
semiconductor  nanocrystallites  constitute  inter- 
e.sting  quantum  dots  or  boxes  in  which  a  pre- 
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sumed  stronger  confinement  operates  along  the 
three  dimensions  of  space  when  the  crystal  size  is 
of  the  order  of  the  exciton  Bohr  radius.  Of  course, 
the  use  of  such  crystallites  for  improving  semicon¬ 
ductor  lasers  or  the  performance  of  absorbing  or 
emitting  devices  at  a  precise  wavelength  implies  a 
perfect  control  of  the  size  of  the  grown  quantum 
boxes. 

Classical  methods  for  nanocrystallite  prepara¬ 
tion  (colloidal  suspensions,  insertion  in  porous 
zeolites,  inclusion  in  glass  prepared  by  conven¬ 
tional  melting  processes,  etc.)  usually  meet  the 
main  difficulty,  i.e.  the  dispersion  in  size  of  the 
crystallites.  This  dispersion  originates  from  sev¬ 
eral  mechanisms  such  as  coalescence  and  decom¬ 
position  of  particles  with  time  and  high  tempera¬ 
tures. 
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Recently,  a  sol-gel  process  was  applied  to 
synthesize  nano-particles  in  a  glass  of  porous 
silica,  at  low  temperature,  with  quite  a  sharp  size 
distribution  [2].  However,  in  this  case,  obtaining 
well-stabilized  nanocrystals  seems  to  necessitate  a 
full  and  fast  densification  of  the  gel  into  glass  at 
low  temperature  [3,4], 

In  this  paper,  we  describe  a  new  route  to 
elaborate  Na20  •  B2O3  ■  Si02  glass  doped  with 
CdS  semiconductor  crystallites,  from  a  gel  formed 
in  aqueous  medium.  Our  vitreous  matrbc  is  fully 
and  swiftly  densified  at  relatively  low  tempera¬ 
ture.  A  quantitative  analysis  of  optical  absorption 
spectra  is  proposed. 


2.  Preparation  of  sodium  borosilicate  glass  doped 
by  CdS  nanocrystallites 

The  sodium  borosilicate  gel  is  synthesized  in 
aqueous  solution  by  mixing  sodium  metasilicate 
Na 28103  and  boric  acid  H3BO3,  in  molar  ratio 
1 : 2.  This  solution  is  stirred  and  heated  at  60- 
80°C.  After  a  few  minutes,  a  slight  blur  appears 
and  a  stiff  gel  is  formed  in  30  min. 


The  gel  is  dried  at  lOCC  during  12  h.  The 
major  part  of  the  solvatation  water  is  thus  evapo¬ 
rated,  and  a  monolithic  and  transparent  gel  is 
obtained.  Polycondensation  water  due  to  a  com¬ 
bination  of  hydroxyl  groups  is  eliminated  between 
100  and  400°C.  The  gel  then  loses  18%  in  weight 
and  its  density  becomes  very  low  (1.5  g/cm^).  At 
this  stage,  the  texture  of  the  material  is  that  of  a 
juxtaposition  of  opened  pmres  of  more  than  100 
/rm  in  diameter.  When  heated  between  400  and 
600°C,  this  texture  collapses;  the  pores  close  and 
fuse  together  to  become  a  fritted  and  smooth 
material.  The  fusion  arises  at  732°C.  Quenching 
the  liquid  at  room  temperature  gives  a  transpar¬ 
ent  glass  of  composition  Na20  •  B2O3  •  SiOj. 

The  chosen  cadmium  precursor  (3CdS04  • 
8H2O)  is  first  dissolved  in  distilled  water.  Then 
H3BO3  is  added  and  the  result  is  stirred  so  as  to 
obtain  a  clear  solution.  Then  Na2Si03,  HjO  is 
introduced  to  initiate  the  gelation. 

The  evolution  of  the  texture  between  4(X)°C 
and  the  fission  point  prevents  the  oxidation  of 
cadmium  sulphide  and  permits  two  sulfuration 
methods,  which  are  sketched  in  Fig.  1.  The  first 
one  consists  in  the  sulfuration  of  Cd‘*  by  expo- 


Fig.  I.  Illustration  of  two  different  synthesis  processes  of  sodium  borosilicate  glasses  doped  with  CdS  crystallites. 
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sure  of  the  pre-heated  gel  to  HjS  gas.  In, this 
case,  the  sulfuration  can  be  performed  at  differ¬ 
ent  temperatures,  and  especially  at  the  liquefac¬ 
tion  temperature  of  H2S  (  — 6rC).  The  second 
method  consists  in  an  in-situ  sulfuration  of  Cd^^ 
by  using  the  complexing  power  of  some  organic 
and  inorganic  molecules  containing  sulphur  with 
a  free  electron  doublet  and  oxidation  step  lower 
than  6  (for  instance  5  sulfosalicyclic  acid  of  am¬ 
monium  thiocyanate).  The  complexing  molecules 
are  dissolved  in  the  starting  cadmium  solution. 
The  sulfuration  of  Cd^*  then  takes  place  during 
the  gel  degradation,  at  temperatures  varying  be¬ 
tween  300  and  500°C,  depending  on  the  chosen 
complexing  molecules. 


3.  Spectroscopic  data 


Fig.  3.  Absorption  spectrum  of  sample  SI,  Arrows  indicate  the 
energies  of  the  main  excitonic  peaks.  Solid  lines  indicate 
ground  states  and  dashed  lines  indicate  first  excited  states, 
calculated  for  this  sample. 


Fig.  2  displays  four  typical  optical  density  spec¬ 
tra  for  samples  containing  nanocrystailites  with 
various  average  diameters.  From  the  top  to  the 
bottom  of  the  figure,  the  spectra  evolve  from  a 
shape  quite  similar  to  that  for  bulk  CdS  to  a 
much  smoother  one,  shifted  towards  high  ener¬ 
gies.  This  evolution  is  evidence  of  an  increasing 
degree  of  quantum  confinement.  Such  results  can 
be  compared  to  model  calculations,  so  as  to  ex¬ 
tract  quantitative  data  about  the  crystallite  sizes. 
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Fig.  2.  Typical  absorption  spectra  of  glasses  doped  with  CdS 
crystallites  of  various  average  sizes.  The  shift  to  higher  ener¬ 
gies  of  the  absorption  onset  reveals  the  quantum  confinement 
of  carriers.  Assuming  a  Gaussian  distribution  of  crystal  diame¬ 
ters,  the  typical  width  ir  never  exceeds  I  nm. 


The  simplest  model  used  to  calculate  the 
quantum  confinement  in  nanocrystallites  consists 
in  regarding  the  crystallites  as  spherical  particles 
with  an  infinitely  high  potential  wall  surrounding 
the  sphere.  Theoretical  investigations  have  been 
done,  using  the  standard  effective  mass  approxi¬ 
mation  by  Efros  and  Efros  [5],  Brus  [6]  and 
Kayanuma  [7]  and  in  the  tight-binding  framework 
by  Lippens  and  Lannoo  [8]. 

The  absorption  spectrum  of  sample  SI,  con¬ 
taining  rather  large  crystals,  is  displayed  in  Fig.  3. 
Clearly  we  observe  three  main  absorption  lines 
labelled  Al,  B1  and  Cl  which  correspond  to  the 
excitons  associated  with  the  three  valence  sub¬ 
bands  in  the  hexagonal  CdS  crystal.  As  a  result  of 
the  quantum  confinement,  these  peaks  are  shifted 
to  higher  energy  by  an  amount  of  about  14  meV. 
In  this  sample,  corresponding  to  the  weak  con¬ 
finement  regime,  only  the  centre-of-mass  motion 
of  the  exciton  is  quantized  and  the  blue-shifts  of 
the  exciton  levels  are  governed  by  the  total  mass 
of  the  exciton.  The  transition  energies  are  given 
by  [5]: 

=  +  (1) 

where  £'  is  the  energy  of  the  band-to-band  tran¬ 
sition  (;  =  A,  B,  C),  £„  is  the  binding  energy  of 
the  bulk  exciton,  M  =  m^  +  rrtf,  is  the  total  mass 


J.  Allegre  el  at. /Journal  of  Crystal  Growth  138  ( 1994)  998-1003 


1001 


of  the  exciton,  D  is  the  crystallite  diameter  and  n 
the  quantum  number  of  both  the  electron  and  the 
hole  subband.  By  using  Eq.  (1),  we  have  calcu¬ 
lated  the  energies  of  the  first  quantum-confined 
states,  taking  the  following  material  parameters 
for  CdS:  excitonic  energy  gaps  = 

2553,  2568  and  2632  meV  [91  for  ;  =  A,  B  and  C, 
respectively;  exciton  binding  energy  E^^  =  29  meV 
[10];  electron  effective  mass  m_0.2mo  19];  hole 
effective  mass  =  0.5«io  [8],  The  full  and 
dashed  arrows  in  Fig.  3  correspond  to  the  ground 
(n  =  1)  and  first  excited  («  =  2)  states,  respec- 
dvely,  for  crystallites  with  an  average  diameter 
D  =  135  A. 

In  this  range  of  crystallite  size,  the  energy  shift 
associated  to  a  size  variation  is  typically  AE  =  3 
meV  for  4D  =  10  A  for  the  ground  state  energy. 
Consequently,  the  peak  broadening  resulting  from 
the  size  distribution  is  very  small  and  the 
halfwidth  at  half  maximum  for  the  main  struc¬ 
tures  almost  corresponds  to  the  only  intrinsic 
broadening  F  specific  of  the  chemical  and  crys¬ 
tallographic  qualities  of  the  crystallites.  We  get 
r  s  8  meV  which  we  shall  keep  for  all  samples. 
Indeed,  the  best-fitting  calculations  described  be¬ 
low  have  shown  that  the  intrinsic  broadening 
parameter  should  not  be  much  larger  than  this 
value.  In  particular,  a  larger  F  value  forbids 
describing  correctly  some  details  such  as  peaks 
and  dips  in  the  absorption  spectrum  (see  Fig.  4). 

Now  let  us  consider  the  absorption  spectra  for 
samples  containing  rather  small  crystallites.  In 
that  case,  for  infinitely  high  potential  walls,  and 
in  the  absence  of  Coulomb  interaction,  the  corre¬ 
sponding  Schrodinger  equation  may  be  analyti¬ 
cally  solved  and  the  kinetic  energy  eigenvalues  of 
the  electron-hole  pair  written  as  [7]: 


where  is  the  nth  root  of  the  /th  order  spheri¬ 
cal  Bessel  function.  It  is  usual  to  refer  to  the 
(n,  /)  eigenstates  as  IS,  IP, ...,2S,  etc.  When  the 
Cbulomb  interaction  is  included,  the  problem  can 
no  longer  be  solved  analytically  and  one  has  to 
use  numerical  or  approximate  methods.  Brus  [6] 


has  calculated  the  excitonic  energy  in  a  first  order 
perturbation  model,  as  the  mean  value  of  the 
C!oulomb  interaction  over  the  sphere.  For  the 
first  excited  states  this  gives  =  3.6  e^/eD 
where  e  =  5.7eo  [6]  is  the  dielectric  constant  of 
CdS.  On  account  of  the  selection  rules,  =  0 
and  Al  =  0,  the  energies  of  the  dipole-allowed 
transitions  may  be  written  as: 


F>  '■ 


(iD^ 


3.6e^ 
eD  ' 


(3) 


where  fi  =(l/m^+  is  the  reduced  ef¬ 

fective  mass  of  the  electron-hole  pair. 

Let  us  now  consider  the  process  of  interband 
absorption  of  light.  We  have  to  take  account  of 
the  orbital  degeneracy  of  each  energy  level  and  of 
the  broadening  due  to  the  finite  lifetime  of  exci- 
tons.  The  latter  is  a  homogeneous  broadening 
associated  with  crystalline  and  chemical  defects 
characteristic  of  a  given  crystallite.  This  may  be 
described  by  using  a  Lorentzian  broadening  func¬ 
tion  Fv~'(E^  +  F^)~\  where  F  is  the  halfwidth 
at  half  maximum  of  the  Lorentzian.  The  associ¬ 
ated  lifetime  is  h/2F.  Then,  the  absorption  coef¬ 
ficient  for  a  crystallite  of  diameter  D  can  be 
expressed  as  [5]: 

A 

ap{ho))  = 


X  Z  (2/+  1) 

j,n.t 


F 

{htu-Eiif  +  F^' 


(4) 


where  /I  is  a  constant  proportional  to  the  square 
of  the  matrix  element  of  the  dipole  moment  be¬ 
tween  Bloch  functions.  At  low  temperature,  the 
absorption  spectrum  of  a  single  crystallite  consists 
in  a  series  of  Lorentzian  peaks  centred  around 
electron-hole  pair  energies  Ej,,. 

Now,  the  experimental  exciton  peaks  are 
broadened  by  the  statistical  distribution  of  sizes: 
crystallites  with  different  diameters  yield  absorp¬ 
tion  structures  at  the  different  energies  corre¬ 
sponding  to  their  excitonic  transitions.  The  size 
dispersion  gives  rise  to  a  series  of  broad  maxima 
of  the  absorption  coefficient  with  the  profiles  and 
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Fig.  4.  Comparison  between  the  measured  and  calculated 
absorption  spectra  for  sample  S3.  The  parameters  for  the  best 
fitting  are  indicated.  At  the  bottom  of  the  figure  lies  the 
calculated  spectrum  of  a  crystallite  having  exactly  the  average 
diameter  D.  Note  the  role  played  by  the  first  excited  states, 
whose  larger  degeneracy  allows  a  larger  contribution  to  the 
absorption. 


positions  given  by  the  size  distribution  function, 
/’(D).  The  resulting  absorption  coefficient  is: 

=  /’(D)dD.  (5) 

D-*  ■'o 


In  the  following,  we  postulate  that  the  size 
dispersion  is  normally  distributed  with  a  central 
value  D  and  variance  In  other  words,  the  size 
distribution  function  is  assumed  to  be  a  Gaussian 
function  given  by: 


P(D)  = 


_ p-tD-Dr  /hr- 


(6) 


Consequently,  for  small  crystal  sizes,  the  ab- 
sorption_coefficient  depends  on  the  average  di¬ 
ameter  D,  on  the  width  <t  of  the  size  distribution, 
and  on  the  quality  of  the  material  through  the  F 
parameter.  Now  should  be  noted  that  a  quantita¬ 
tive  fit  to  experimental  data  is  very  difficult  and 
somewhat  unrealistic  because  one  needs  to  intro¬ 
duce  several  arbitrary  parameters  to  describe  both 
the  real  thickness  of  the  active  medium  and  the 
scattering  of  light  by  a  crowd  of  differently  sized 
crystallites  embedded  in  the  dielectric  matrix.  As 
a  result,  we  shall  merely  compare  the  shapes  of 
the  experimental  and  calculated  absorbance  spec¬ 
tra. 


Fig.  4  shows  a  comparison  between  the  experi¬ 
mental  (full  lines)  and  calculated  (dashed  lines) 
absorbances  for  sample  S3.  The  dotted  lines  show 
the  calculated  absorption  coefficient  of  the  indi¬ 
vidual  crystallites  (Eq.  (4))  with  exactly  the  diam¬ 
eter  D.  The  best  agreement  between  experiments 
and  calculations  is  obtained  with  D  =  53  A:  the 
positions  of  the  absorption  onset,  of  the  first  peak 
and  the  shape  of  the  spectrum  at  higher  energy, 
are  indeed  reproduced  with  this  value  within  an 
aeeuracy  of  ~  +  4  A.  For  smaller  crystallites,  the 
quality  of  the  fitting  is  the  same  and  the  accuracy 
is  comparable.  As  a  result  of  the  size  dispersion, 
the  macroscopic  spectrum  (dashed  lines)  clearly 
exhibits  a  broadening  and  a  red-shift  with  regard 
to  the  individual  absorption  structures  (dotted 
lines).  Indeed,  the  macroscopic  absorption  is 
dominated  by  the  contributions  of  the  larger  par¬ 
ticles  within  the  distribution  since  the  optical 
density  is  scaled  by  the  particle  volume.  We  re¬ 
mark  that  the  red-shift  of  the  absorption  onset 
may  be  as  large  as  ~  100  meV,  while  tr  hardly 
exceeds  the  lattice  parameter  of  the  crystal.  This 
is  due  to  the  large  sensitivity  of  the  energy  to  the 
diameter,  in  this  range  of  crystal  sizes. 


4.  Conclusion 

Quantum  size  effects  have  been  observed  on 
the  fundamental  optical  band-gap  of  CdS 
nanocrystallites  embedded  in  sodium  borosilicate 
glasses.  Two  confinement  regimes  can  be  distin¬ 
guished.  First,  a  weak  blue-shift  of  the  gap  is 
obtained  for  rather  large  crystallites,  and  the 
motion  of  the  centre-of-mass  of  the  exciton  can 
be  considered  as  quantized  as  a  whole.  Second,  a 
strong  blue-shift  of  the  absorption  onset  is  mea¬ 
sured  when  the  average  crystal  diameter  is  small. 
Then  the  Coulomb  interaction  between  the  elec¬ 
tron  and  the  hole  is  enhanced,  and  another  model 
is  applied  for  calculating  the  blue-shift  of  the  gap. 
For  small  crystal  sizes,  we  have  modelled  the 
absorption  spectrum,  taking  account  of  the  size 
dispersion  of  the  crystallites.  A  best  fit  to  experi¬ 
mental  data  allows  one  to  conclude  in  favour  of  a 
good  and  constant  quality  of  crystals  T  =  8  meV) 
and  of  rather  a  sharp  size  dispersion  (<7  =  8  A). 
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These  results  testify  to  the  efficiency  of  our  growth 
technique,  which  is  full  of  promise. 
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Abstract 

The  relaxation  and  recombination  of  carriers  excited  by  ultrashort  optical  pulses  are  studied  on  specially 
prepared  II-VI  quantum  dots  in  a  silicate-type  host.  Photoluminescence  with  ps  resolution  allows  to  observe  the 
emission  from  the  confined,  intrinsic  energy  levels  of  the  dots  under  non-  and  size-selective  excitation,  respectively. 
A  comparison  with  data  of  transient  non-linear  absorption  reveals  that  the  relaxation  pathway  of  electron  and  holes 
may  be  substantially  different  and  depends  strongly  on  the  dot  size. 


1.  Introduction 

In  a  quantum  dot  the  translational  symmetry 
of  the  former  bulk  material  is  completely  re¬ 
moved  by  confining  the  carriers  in  all  three  di¬ 
mensions.  As  a  result,  a  ladder  of  discrete  energy 
levels  is  formed.  The  related  change  of  the  opti¬ 
cal  properties  is  the  subject  of  various  predictions 
that  quantum  dots  might  be  very  useful  in  device 
applications.  Some  of  those  ideas  were  recently 
summarized  by  Brus  [1],  The  present  study  is 
aimed  to  the  carrier  dynamics  in  very  small  ( <  3 
nm)  wide-gap  II-IV  quantum  dots  embedded  in 
a  glass  matrix.  These  dynamics  are  of  fundamen¬ 
tal  physical  interest,  but  also  of  prac|ical  impor¬ 
tance  as  it  controls  the  switching  transients  of 
possible  devices. 


*  Corresponding  author. 


2.  Samples 

The  CdSe  quantum  dots  used  in  the  present 
study  are  grown  in  a  boro-silicate  glass  by  the 
conventional  heat  treatment  method.  Generally, 
the  growth  process  establishes  a  size  distribution. 
Small-angle  X-ray  data  yield  a  Gaussian-like 
shape  with  a  typical  standard  deviation  of  20%  to 
30%.  Here  we  concentrate  on  samples  of  a  mean 
particle  radius  </?)  which  is  clearly  smaller  than 
the  bulk  exciton  radius  (5  nm).  Thus,  Coulomb 
effects  are  of  less  importance  and  the  confined 
single-particle  energies  are  dominant  in  the  total 
electron-hole  pair  energy  (strong  confinement 
regime).  The  absorption  spectra  of  the  samples 
exhibit  an  isolated  ground-state  feature  followed 
by  less  pronounced  structures  on  the  high-energy 
side.  The  quantum  size  effect  is  clearly  evidenced 
from  the  high-energy  shift  of  the  ground  state 
with  decreasing  average  dot  radius.  For  the  1.4 
nm  sample  this  shift  is  -  measured  relative  to  the 
bulk  energy  gap  of  CdSe  -  as  large  as  1  eV  (cf. 
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Fig.  3).  The  total  broadening  of  the  transitions  is 
formed  from  homogeneous  and  inhomogeneous 
contributions  to  an  approximately  equal  extent, 
as  seen  from  quasi-stationary  hole-burning  data 
[2].  A  quantitative  estimate  of  the  data  obtained 
from  a  sample  with  <  =  2.0  nm  yields  a  FWHM 

figure  of  60  to  80  meV  for  the  homogeneous 
width  of  the  e-h  pair  ground  state  at  room  tem¬ 
perature  and  a  decrease  down  to  about  25  meV 
at  1.8  K  [3].  No  essential  change  of  these  values  is 
found  for  the  average  radius  range  from  1.6  to  2.8 
nm.  The  homogeneous  width  at  room  tempera¬ 
ture  is  consistent  with  the  dephasing  time  of  a 
few  10  fs  found  in  non-degenerate  four-wave 
mixing  measuremimts  on  the  same  samples.  We 
believe  that  scattering  at  defect  states,  the  exis¬ 
tence  of  which  is  clearly  exposed  by  the  lumines¬ 
cence  spectrum  (see  below),  is  the  underlying 
process.  Further  evidence  for  this  assumption 
comes  from  the  fact  that  the  homogeneous  width 
can  be  influenced  by  long-term  optical  excitation 
[^1. 

in  addition  to  the  homogeneous  width,  the 
hole-burning  data  reveal  a  substructure  of  the 
energy  spectrum  which  is  not  exhibited  by  the 
inhomogeneously  broadened  sample  absorption. 
The  data  demonstrate  at  least  the  existence  of 
three  states.  A  quantitative  analysis  [2]  account¬ 
ing  for  also  the  430  meV  split-off  band  shows  that 
the  three  hole  states  identified  experimentally  are 
s-d  mixtures  of  total  angular  momentum  3/2 
(first  and  second  state)  and  1/2  (third  state), 
respectively.  An  independent  study  [5]  based  on 
luminescence  has  led  to  the  same  conclusion. 


2.  Time-resolved  photoluminescence 

Under  CW  and  ns  excitation,  the  photolumi¬ 
nescence  of  quantum  dots  in  glass  is  usually  dom¬ 
inated  by  (nonexponentially)  slow  and  spectrally 
broad  components,  which  are  strongly  low-energy 
shifted  with  respect  to  the  absorption  edge  [3]. 
This  is  commonly  assigned  to  the  participation  of 
various  defects  which  localize  the  carriers  prior  to 
recombination.  To  study  the  “intrinsic”  emission 
of  the  quantum  dots  from  the  confined  energy 
levels,  the  measurements  are  done  on  the  ps  time 


scale.  Pulses  of  2.5  ps  duration  from  a  tunable 
dye  laser  synchronously  pumped  by  the  third  har¬ 
monic  of  an  Antares  mode-locked  YLF  laser  are 
used  to  excite  the  samples.  Sample  heating  is 
suppressed  by  acousto-optical  modulation  of  the 
76  MHz  dye  laser  output  yielding  pulse  trains  of 
typically  300  fis  duration  with  1  s  apart.  The 
luminescence  is  detected  with  a  synchroscan 
streak  camera  with  an  overall  time  resolution  of 
10  ps.  The  energy  density  per  pulse  was  lowered 
down  to  about  100  nJ/cm’  to  avoid  saturation 
effects  as  well  as  photo-structural  changes. 

2. 1.  Non-selective  excitation 

Fig.  1  presents  data  for  excitation  markedly 
above  the  absorption  edge.  In  this  situation  the 
quantum  dot  system  is  practically  homogeneously 
excited  across  its  size  distribution  since  several  of 
the  inhomogeneously  broadened  transitions  (see 
above)  interfere  spectrally  at  the  pump  photon 
energy.  Wavelength  selection  of  the  photolumi¬ 
nescence  is  achieved  with  interference  filters  with 
a  spectral  resolution  matched  to  the  homoge¬ 
neous  line-width  at  low  temperatures.  In  the  de¬ 
cay  curves  drawn  in  the  lower  section  of  F'g.  1,  a 
fast  component  superimposed  to  a  background  is 
clearly  manifested.  The  background  (as  well  as 
the  finite  luminescence  intensity  at  negative  times) 
is  caused  by  the  repetitive  excitation  within  the 
pulse  train  and,  therefore,  a  direct  measure  of 
the  contribution  from  slow  parts.  On  the  other 
hand,  the  rise  of  the  curves  around  zero  allows 
one  to  construct  the  emission  spectrum  right  after 
excitation,  as  depicted  in  the  upper  section  of 
Fig.  1.  The  broad  band  extends  down  to  the 
energy  range  of  deep  traps,  the  emission  of  which 
is  primarily  seen  under  CW  conditions  [3]. 

The  occurrence  of  the  fast  emission  compo¬ 
nent  with  ps  life-time  in  Fig.  1  is  restricted  to  the 
direct  vicinity  of  the  absorption  edge.  The  life¬ 
time,  however,  is  strongly  photon-energy  depen¬ 
dent.  Fig.  2  summarizes  the  1/e  times  deduced 
from  the  decay  curves  for  the  2.0  nm  sample  and 
three  others  of  different  average  radius.  Observa¬ 
tion  at  a  given  photon  energy  samples  predomi¬ 
nantly  the  emission  from  quantum  dots  of  a  cer¬ 
tain  size.  This  is  confirmed  by  the  fact  that  the 
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Fig.  I.  Lower  part:  Luminescence  decay  curves  at  selected 
photon  energies  for  a  sample  with  an  average  dot  radius  of  2.0 
nm  at  F  =  5  K.  Upper  part:  Luminescence  intensity  versus 
photon  energy  10  ps  after  the  maximum  of  the  excitation 
pulse  derived  from  the  rise  of  the  decay  curves  around  zero. 
The  data  (circles)  are  corrected  for  reabsorption.  The  line  is 
used  to  guide  the  eye.  For  comparison  the  absorption  spec¬ 
trum  is  figured  on  the  right-hand  side.  Arrows  mark  the 
photon  energies  where  the  decay  curves  below  are  taken. 


iife-times  found  at  a  given  photon  energy  are 
practically  the  same  for  all  samples  in  Pig.  2, 
although  the  average  radii  are  different  and  the 
linear  absorption  peaks  of  the  2.8  and  1.6  nm 
samples  are  shifted  by  450  meV  relative  to  each 
other.  Therefore,  the  more  than  one-order-of- 
magnitude  increase  of  the  life-time  in  Fig.  2  is 
directly  related  to  the  size  of  the  emitting  dot. 

2.2.  Size-selective  excitation 

Fig.  3  summarizes  the  time-resolved  photolu¬ 
minescence  obtained  from  a  sample  with  (R)  = 


T  •  K  .  <n>  •  1  Z  nm 


'v  ‘  10  1 

'  .'>  .30 

■!  100 


2.2  2.4  2.6  2.8 

photon  energy  [eV] 

Fig.  3.  Time-resolved  luminescence  spectra  for  a  sample  with 
<)?>  -  1.4  nm  using  size-selective  excitation  at  a  photon  en¬ 
ergy  ”  2.50  eV  (upper  part)  and  2.55  eV  (lower  part), 
respectively.  The  time  integrated  luminescence  spectra  and 
the  linear  absorption  are  shown  for  comparison,  respectively. 
The  spectral  spacing  corresponding  to  the  LO  phonon  energy 
is  indicated. 
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Fig.  4.  Luminescence  decays  (normalized)  taken  at  the  ener¬ 
getic  positions  of  the  1,  2  and  3  LO  phonon  replica  in  the 
upper  part  of  Fig.  3.  For  comparison  the  instrumental  re¬ 
sponse  is  given. 


1.4  nm  for  two  different  photon  energies  of  the 
exciting  ps  pulses  at  the  low-energy  wing  of  the 
ground-siate  absorption.  Thereby,  a  very  sharp 
distribution  of  dots  is  excited,  which  is  deter¬ 
mined  by  the  relation  between  the  homogeneous 
width  of  the  ground-state  transition  and  the  tail 
of  the  overall  size  distribution  in  the  sample.  The 
luminescence  obtained  here  is  spectrally  decom¬ 
posed  by  a  double  monochromator  in  a  subtrac¬ 
tive  mode,  yielding  a  resolution  better  than  5 
meV.  The  decay  curves  measured  at  successive 
photon  energies  by  the  streak  camera  are  used  to 
construct  the  time  resolved  spectra  taking  into 
account  the  instrumental  response  by  standard 
deconvolution  technique.  Clear  vibronic  struc¬ 
tures  due  to  coupling  to  the  200  cm“ '  LO  phonon 
mode  of  CdSe  appear  during  the  very  first  pi¬ 
coseconds.  Decay  curves  measured  just  at  the 
energetic  positions  of  the  LO  phonon  replica  (cf. 
the  upper  section  of  Fig.  3)  are  given  in  Fig.  4  in 
comparison  with  the  instrumental  response.  The 
finite  decay  time  clearly  seen  rules  out  a  domi¬ 
nant  contribution  of  Raman  processes  in  the  time 
resolved  spectra.  In  contrast  to  the  situation  in 
Fig.  1,  the  decay  curves  are  independent  of  pho¬ 
ton  energy,  and  confirm  the  size-selection  of  exci¬ 
tation. 


3.  Transient  hole-burning 

Transient  nonlinear  absorption  measurements 
were  performed  with  tunable  sub-ps  pulses  from 
a  hybrid  mode-locked  dye  laser  pumped  again  by 
the  third  harmonic  of  the  YLF  laser.  Single  pulse 
selection  and  amplification  are  done  in  a  four- 
stage  dye  amplifier  pumped  by  an  excimer  laser. 
The  resulting  500  fs  pulses  of  some  hundred 
were  used  to  excite  the  sample  and  to  generate  a 
probe  continuum.  Care  was  taken  to  minimize 
chirp  effects  of  the  probe.  The  result  for  a  sample 
with  2.0  nm  average  radius  is  presented  in  Fig.  5. 
The  differential  transmission  signal  is  defined  by 
DTS  =  (7  —  ToV^i).  where  T  and  are  the 
sample  transmission  with  and  without  pump,  re¬ 
spectively.  The  spectrum  exhibits  a  remarkable 
dynamical  evolution  with  increasing  pump-probe 
delay.  A  bleaching  feature  develops  at  first  in  the 
direct  vicinity  of  the  pump  and,  then,  a  second 
more  pronounced  one  occurs  in  the  range  of  the 
linear  peak.  During  the  first  few  ps  the  maximum 
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Fig.  5.  DTS  spectra  of  a  2.0  nm  average  radius  sample  at 
different  pump-probe  delays.  The  pump  energy  density  is  200 
The  corresponding  linear  absorption  spectrum  is 
shown  in  the  upper  part. 
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of  the  latter  shifts  to  lower  energies.  Simultane¬ 
ously,  a  weak,  but  clearly  present  induced  absorp¬ 
tion  feature  evolves  on  the  high-energy  side. 
About  one  half  of  the  bleaching  at  the  linear 
peak  recovers  to  1  /e  within  30  ps.  At  the  low-en¬ 
ergy  side  somewhat  slower  recovery  is  found,  in 
agreement  with  the  results  given  in  Fig.  2.  At 
delays  larger  100  ps  a  permanent,  spectrally  broad 
absorption  bleach  persists  which  survives  up  to  1 
lis  as  shown  in  an  independent  measurement  on 
a  larger  time  scale  [3]. 

5.  Discussion 

The  800  ps  decay  constant  on  the  low-energy 
side  in  Fig.  2  is  on  the  order  of  the  radiative 
life-time  expected  for  CdSe  quantum  dots  in  the 
strong  confinement  regime.  Since  this  value  is 
practically  size-independent,  the  much  shorter 
life-times  on  the  high-energy  side  have  to  be 
attributed  to  a  non-radiative  process  that  be¬ 
comes  increasingly  important  with  decreasing  dot 
size.  Coherent  effects  [6]  are  ruled  out  in  view  of 
the  much  shorter  dephasing  times  found  in  non¬ 
degenerate  four-wave  mixing  experiments  on  the 
same  samples.  We  assign  the  short  life-times  to 
the  trapping  of  carriers  at  surface  and  defect 
states  that  give  rise  to  the  slow  and  low-energy 
shifted  part  of  the  luminescence.  It  is  clear  from 
cross  section  arguments  that  the  trapping  rate 
will  increase  considerably  in  small  dots.  We  note 
that  the  data  collected  in  Fig.  2  were  acquired  on 
samples  grown  under  different  conditions  which 
exhibit  different  defect  emission,  but  are  practi¬ 
cally  equal  with  regard  to  the  “band-to-band” 
recombination.  Thus,  the  dramatic  increase  of 
the  non-radiative  rate  below  a  radius  of  3  nm  is 
obviously  a  general  quantum  dot  feature. 

Under  size  selective  excitation,  vibronic  struc¬ 
tures  show  up  in  the  luminescence  spectra  which 
are  similar  to  those  obtained  in  ref.  [7]  on  surface 
passivated  CdSe  quantum  dots  in  an  organic  host 
using  ns-pulse  and  CW  excitation.  However,  on 
the  present  dots  in  a  glassy  host,  those  structures 
are  only  seen  during  the  first  ps  after  excitation 
in  a  hot  luminescence  regime.  This  very  fast  dis¬ 
appearing  indicates  that  at  least  one  of  the  pho- 
toexcited  carriers  is  scattered  from  its  initial  state 


on  a  1  ps  time  scale.  Similar  conclusions  can  be 
drawn  indirectly  from  the  results  of  non-selective 
excited  photoluminescence  in  the  upper  part  of 
Fig.  1.  Emission  found  in  the  region  of  the  deep 
traps  immediately  after  the  excitation  pulse  proves 
that  corresponding  fast  capture  times  occur. 
Times  of  about  1  ps  are  obviously  sufficient  to 
transform  an  electronic  energy  in  excess  on  the 
order  of  1  eV  to  the  vibrational  system.  This  fact 
intimates  a  quasi-continuous  density-of-state  tail 
in  the  “forbidden  gap”  with  a  separation  of  the 
involved  energy  levels  smaller  or  on  the  order  of 
the  LO-phonon  energy,  so  that  enough  .states  are 
available  for  the  carrier  scattering.  We  note  that 
a  1.5  nm  CdSe  dot  consists  of  about  50()  atoms 
from  which  about  1  /3  are  on  the  surface.  Those 
atoms  give  rise  to  the  same  number  of  states  in 
the  “forbidden  gap”,  either  as  dangling  bonds  or 
through  the  association  of  host  atoms.  The  exis¬ 
tence  of  those  states  is  thus  an  intrinsic  feature  of 
the  energy  spectrum  for  a  quantum  dot.  In  the 
present  samples  with  a  glassy  host,  the  energy 
distribution  of  such  states  seems  to  be  rather 
broad  compared  with  surface  passivated  dots  in 
organic  solution. 

The  strong  coupling  of  carriers  to  surface  and 
defect  states,  especially  in  dots  with  R  smaller 
than  2.0  nm,  suggests  a  rather  low  quantum  yield. 
Recent  calorimetric  absorption  measurements  on 
a  sample  with  <  /?)  =  1.4  nm,  however,  have  shown 
that  only  about  one  half  of  the  absorbed  photons 
is  converted  into  heat  [8].  The  other  part  is  re¬ 
emitted  at  lower  energies  so  that  the  total  radia¬ 
tive  yield  is  on  the  order  of  some  10%.  Appar¬ 
ently,  this  is  a  consequence  of  the  confinement 
which,  in  contrast  to  the  bulk,  prevents  spatial 
separation  of  the  electron  and  hole  so  that  the 
optical  rate  remains  large,  even  when  the  carriers 
are  localized  at  “defect”  states. 

The  vibronic  structures  are  not  seen  in  quasi¬ 
stationary  hole-burning  experiments  using  ns- 
pulse  excitation  [2,3].  This  has  to  be  related  to  a 
partially  relaxed  state  of  electron-hole  pairs, 
which  is  tested  on  such  a  time  scale.  In  the 
transient  DTS  experiment  depicted  in  Fig.  5  the 
excitation  is  markedly  above  the  linear  peak,  so 
that  initially  higher  quantum  dot  levels  are  popu¬ 
lated.  The  signal  in  the  first  few  ps  reveals  relax- 
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ation  of  the  carriers  down  to  the  ground  state. 
Probably,  hole  relaxation  across  the  s-d  sublevels 
is  mostly  seen.  The  induced  absorption  structure 
is  similar  to  that  observed  in  ref.  [9],  where  it  was 
assigned  to  Coulomb  effects  in  the  two-particle 
spectrum.  As  our  dots  are  smaller,  those  effects 
are  less  pronounced.  The  long-living  and  broad 
absorption  bleach  is  unambiguously  related  to  the 
electron,  as  this  carrier  blocks  the  absorption 
regardless  of  the  hole  state  involved  in  the  optical 
transition.  Otherwise,  the  bleaching  would  be  lo¬ 
cated  in  a  relatively  narrow  range  at  the  ground 
state  peak. 


6.  Conclusions 

The  use  of  ultrashort  optical  excitation  has 
enabled  us  to  study  the  direct  and  unrelaxed 
photoluminescence  from  electrons  and  holes  in  a 
quantum  dot  surrounded  by  glass.  Under  size- 
selective  excitation,  we  demonstrate  for  the  first 
time  the  existence  of  vibronic  structures  which 
are  otherwise  hidden  by  slow  processes.  The  car¬ 
rier  life-time  is  a  function  of  the  dot  size  and 
below  a  radius  of  3  nm,  a  dramatic  increase  of 
the  nonradiative  capture  rate  sets  in.  Nonlinear 
absorption  data  suggest  that  the  hole  leaves  the 
“band-edge”  resonant  states  on  a  1  ps  time  scale, 
while  the  electron  survives  there  for  a  much  longer 
time. 
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Abstract 

SrS-ZnS  multilayered  thin  films  are  proposed  as  novel  thin  film  electroluminescent  (EL)  phosphors.  Recent 
advances  in  the  development  of  (SrS :  Ce/ZnS)„  multilayered  thin  film  EL  devices  are  summarized.  Growth  of 
(SrS/ZnS)„  multilayered  thin  films  by  using  the  hot  wall  technique,  which  enables  us  to  grow  ZnS  and  SrS  thin  films 
at  the  same  substrate  temperature  and  then  to  prepare  (SrS/ZnS)„  thin  films  having  a  large  number  of  ZnS  and  SrS 
films,  is  discussed.  Features  and  problems  of  ZnS  and  SrS  thin  film  EL  phosphors  are  als'i  discussed. 


1.  Introduction 

Thin  film  electroluminescent  (EL)  display  pan¬ 
els  having  Mn-doped  ZnS  (Ilb-VIb  compound) 
phosphors  have  been  developed  and  have  entered 
into  the  marketplace.  The  EL  matrix  display  pan¬ 
els  with  a  varie  y  of  sizes  and  resolutions  are  now 
commercially  available.  SrS  (Ila-Vlb  compound) 
thin  films  are  also  promising  host  materials  to 
produce  color  thin  film  EL  devices  [1,2].  By  using 
rare-earth  ions  as  luminescent  centers,  these  ma¬ 
terials  show  color  electroluminescence.  With 
these  thin  film  EL  phosphors,  however,  there  arc 
several  problems.  For  rare-earth-doped  ZnS  thin 
films,  low  solubility  of  rare-earth  ions  in  the  ZnS 
host  lattice  has  to  be  considered.  In  the  case  of 
SrS  thin  films,  chemical  instability  due  to  its 
hydroscopic  nature  becomes  problem.  To  solve 
these  problems,  many  color  EL  research  pro¬ 
grams  are  being  continued  mainly  to  find  and  to 
develop  promising  EL  materials  and  luminescent 
centers.  This  approach  of  dealing  with  only  EL 


materials  appears  to  be  confronted  by  many  diffi¬ 
cult  problems.  One  of  alternative  approaches  is 
to  deal  with  the  thin-film  phosphor  structure  in 
addition  to  materials.  One  of  the  possible  ideas  is 
the  introduction  of  phosphor  films  having  multi¬ 
layered  structure  [3].  As  this  kind  of  phosphor, 
we  have  proposed  (SrS/ZnS)„  multilayered  thin 
films  as  a  new  thin  film  EL  phosphor  material 
[4,5].  By  using  such  structures,  one  can  expect 
such  (SrS/ZnS)„  multilayered  thin  film  ELs  to 
show  superior  electrical  and  optical  characteris¬ 
tics  when  compared  to  individual  ZnS  and  SrS 
thin  films. 

Here,  we  summarize  briefly  the  features  and 
problems  of  ZnS  and  SrS  thin  film  EL  phosphors. 
Then,  we  review  the  recent  progress  of  the 
(SrS :  Ce/ZnS)„  multilayered  thin  film  EL  de¬ 
vices  [4-7].  Growth  of  (SrS/ZnS)„  multilayered 
thin  films  by  using  hot  wall  technique  are  also 
discussed  [8].  This  method  enables  us  to  grow 
(SrS :  Ce/ZnS)„  multilayered  thin  films  having  a 
large  number  of  ZnS  and  SrS  films. 
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2.  ZnS  and  SrS  thin  film  EL 

2. 1.  ZnS  and  SrS  host  materials 

Phosphor  materials  to  be  used  for  thin  film  EL 
panels  must  be  doped  with  luminescence  centers. 
In  addition,  to  excite  the  luminescence  centers  by 
hot  electrons  created  by  an  electric  field,  it  must 
be  possible  to  apply  a  very  high  electric  field  over 
1  MV/cm  to  the  thin  film.  To  satisfy  these  re¬ 
quirements,  semiconductors  with  fairly  wide  gap 
of  3.5-4.5  eV,  such  as  wide  gap  II-VI  com¬ 
pounds,  must  be  used  as  host  materials.  One  such 
material  is  ZnS  and  other  is  SrS. 

Suitable  luminescent  centers  for  these  host 
materials  are  different  from  each  other;  for  in¬ 
stance,  Mn^^  ions  for  ZnS  and  Ce’^  ions  for  SrS 
hosts.  This  results  from  the  difference  in  energy 
band  structure  of  these  host  materials  and  in  type 
of  luminescent  centers.  The  band  structures  of 
these  materials  are  shown  in  Figs,  la  and  lb, 
respectively.  ZnS  has  a  direct  band  gap  structure 
[9].  The  conduction  band  minimum  at  the  F  point, 
where  it  is  s-like,  comes  from  the  4s  wave-func¬ 
tion  of  Zn  atoms.  The  valence  band  maximum  at 
the  r  point,  where  it  is  p-like,  comes  from  the  3p 
wave-function  of  S  atoms.  The  occupied  Zn  3d'** 
level  is  located  at  about  7-8  eV  below  the  va¬ 
lence  band  maximum.  When  Mn  atoms  are  doped 
in  the  ZnS  lattice,  the  Mn  3d’  level,  which  is  the 
ground  state  of  d-d  transitions,  lies  about  3-5  eV 
below  the  valence  band  maximum  [10].  There¬ 
fore,  the  3d’  electron  configuration  in  Mn*'*^  ions 


(a)  ZnS  (b)  SrS 


k  k 

Fig.  1.  Energy  band  structure  of  (a)  ZnS  and  (b)  SrS. 

is  well  localized  and  then  isolated  from  the  band 
electrons.  This  may  be  one  reason  why  the  3d‘' 
electrons  of  the  Mn^^  centers  are  mainly  excited 
by  direct  impact  excitation. 

Contrary  to  the  case  of  ZnS,  SrS  has  an  indi¬ 
rect  band  structure.  The  conduction  band  mini¬ 
mum  at  the  X  point  comes  from  the  wave-func¬ 
tion  of  unoccupied  4d  wave-function  of  the  Sr 
atoms  [11].  It  is  therefore  d-like.  The  valence 
band  maximum  at  the  F  point  comes  from  the  3p 
wave-function  of  S  atoms,  same  as  in  ZnS.  When 
Ce’*^  centers  are  doped  in  the  SrS  lattice,  the  4f 
ground  state  level  lies  in  the  forbidden  gap  and 
5d  excited  state  lies  fairly  close  to  the  conduction 
band  minimum  at  the  X  point.  Therefore,  it  is 
expected  that  the  5d  excited  state  of  the  Ce’*^ 


Fig.  2.  Typical  luminance-voltage  and  efficiency-voltage  characteristics  of  (a)  ZnS ;  Mn  and  (b>  SrS ;  Ce  thin  film  EL  devices. 
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centers  will  interact  well  with  conduction  elec¬ 
trons  and  the  Ce’^  ions  are  ionized  by  the  elec¬ 
tric  field  [12]. 

2.2.  EL  devices  with  ZnS.Mn  and  SrS:Ce  thin 
films 

Typical  luminance-voltage  and  efficiency- 
voltage  characteristics  of  ZnS :  Mn  and  SrS ;  Ce 
thin  film  EL  devices  under  a  1  kHz  drive  are 
shown  in  Figs.  2a  and  2b,  respectively.  The  de¬ 
vices  have  a  conventional  double  insulating  struc¬ 
ture  consisting  of  a  glass  substrate,  an  indium  tin 
oxide  (ITO)  transparent  electrode,  a  first  dielec¬ 
tric  layer,  a  phosphor  layer,  a  second  insulating 
layer  and  A1  rear  electrodes.  The  typical  thick¬ 
ness  of  the  ZnS :  Mn  phosphor  film  is  600  nm  and 
that  of  the  SrS;Ce  film  is  1000-1300  nm.  The 
luminance  rises  steeply  at  voltages  above  the 
threshold  and  the  saturated  luminance  level 
reaches  2500  cd/m*  for  ZnS :  Mn  and  50tl  cd/m^ 
for  SrS ;  Ce.  It  is  noted  that  the  threshold  voltages 
for  both  devices  are  almost  the  same,  although 
the  thickness  of  the  SrS :  Ce  films  is  twice  that  of 
the  ZnS:Mn  films.  In  other  words,  the  average 
electric  field  of  0.8  MV /cm  for  the  SrS :  Ce  films 
is  one-half  of  1.6  MV/cm  for  the  ZnS:Mn  films 
[13].  The  lower  electric  field  observed  for  SrS:Ce 
devices  results  from  band  bending  due  to  space 
charge  cau.sed  by  ionization  of  Ce’*  luminescent 
centers  [13,14]. 


3.  (SrS:Ce/ZnS)„  multilayered  EL 

I.  Multilayered  EL  structure 

The  concept  of  an  electroluminescent  multi¬ 
layer  device  is  illustrated  in  Fig.  3  [3].  Each  layer 
is  classified  depending  on  its  function  such  as 
electron  acceleration  layer,  light  emis.sion  layer, 
barrier  layer,  carrier  confinement  layer,  etc.  Many 
varieties  of  combination  can  be  considered  [3]. 
Sometimes,  we  can  not  separate  the  layer’s  func¬ 
tion  clearly,  for  instance,  one  layer  serves  as 
acceleration  and  electroluminescent  layer  at  the 
same  time. 
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Fig.  3.  Schematic  structure  of  multilayered  thin  film  EL 
device. 


3.2.  (SrS :  Ce  /  ZnS)„  multilayered  EL  phosphors 

To  prepare  the  (SrS :  Ce/ZnS)„  multilayered 
thin  film  EL  devices,  we  have  used  two  different 
methods,  namely  reactive  evaporation  and  elec¬ 
tron-beam  evaporation  [4,5].  In  the  first  case,  the 
evaporation  is  based  on  Knudsen  sources,  where 
ZnS  is  evaporated  from  the  compound  and 
SrS :  Ce  from  pure  elements.  In  the  latter  case,  a 
mixed  SrS:Ce,K  target  is  u.sed.  The  preparation 
conditions  have  been  adjusted  in  order  to  obtain 
highly  adherent,  high  quality  films.  In  the  case  of 
reactive  evaporation,  the  optimum  substrate  tem¬ 
peratures  for  the  deposition  of  ZnS  and  SrS :  Ce 
have  been  found  to  be  200  and  6()0-650°C,  re¬ 
spectively  [4].  In  the  case  of  electron-beam  evapo¬ 
ration,  the  optimum  substrate  temperature  has 
been  found  to  be  the  same  as  for  reactive  evapo¬ 
ration  [2]. 

The  scanning  electron  microscope  (SEM)  im¬ 
age  of  the  cross  sections  of  the  multilayered  films 
prepared  by  reactive  evaporation  technique  are 
shown  in  Fig.  4  [7].  The  SEM  image  clearly  shows 
the  grained  structures  of  a  9  multilayered  thin 
film  phosphor.  The  overall  thickness  is  1.5  /urn. 
Due  to  the  perfectly  separated  films,  it  is  obvious 
that  no  intermixing  between  the  ZnS  and  SrS :  Ce 
(Kcurs,  which  is  somewhat  surprising  because  of 
the  high  temperature  processing  of  the  SrS  films. 
Furthermore,  the  SEM  images  of  the  multilay¬ 
ered  phosphors  exhibit  perfect  adhesion  between 
the  single  layers  within  the  SrS:Ce/ZnS  stack. 

Fig.  5  shows  high  resolution  X-ray  diffraction 
(XRD)  patterns  of  ZnS  (Fig.  5a).  SrS  (Fig.  5b) 
and  (SrS/ZnS)„  (Fig.  5c)  multilayered  thin  films 
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Fig.  4.  SEM  image  of  the  cross  section  of  the  (SrS/ZnS), 
multilayered  film  prepared  by  reactive  evaporation  technique. 


deposited  by  electron-beam  evaporation  (full  line) 
and  by  reactive  evaporation  (broken  line)  [4].  The 
ZnS  films  are  oriented  in  the  (0001)  direction  of 
the  hexagonal  structure  or  in  the  (111)  direction 
of  the  zincblende  structure,  whereas  SrS  exhibits 


21  28  29  .10  .11 

2  0  (deg.) 


Fig.  5.  High  resolution  X-ray  diffraction  patterns  of  (a)  ZnS. 
(b)  SrS  and  (c)  (SrS/ZnS),  multilayered  thin  films  deposited 
by  electron  beam  evaporation  (full  lines)  and  by  reactive 
evaporation  (broken  lines)  methods. 


Fig.  6.  Luminance-applied  voltage  characteristic  of 
(SrS:Ce/ZnS)g  multilayered  thin  film  EL  device.  L-V  char¬ 
acteristics  of  a  conventional  SrS:Ce  thin  film  EL  device  are 
also  shown,  for  comparison. 


a  strong  (200)  texture  in  the  rock-salt  structure. 
As  shown  in  Fig.  5c,  both  diffraction  lines  origi¬ 
nating  from  the  SrS  and  the  ZnS  are  observed. 
This  indicates  that  nonintermixed  (SrS/ZnS)„ 
multilayered  phosphor  films  were  prepared,  as 
expected  from  the  SEM  image  in  Fig.  4.  How¬ 
ever,  a  slight  shift  of  the  ZnS  peak  towards  the 
SrS  peak  is  observed,  indicating  a  strained  growth 
of  ZnS  on  SrS.  The  evaluation  of  the  FWHM  of 
the  XRD  peaks  reveals  the  good  crystallinity  of 
all  films.  The  same  tendency  in  the  structural 
feature  of  the  multilayered  thin  films  for  both 
preparation  techniques  has  been  observed. 

3.3.  Luminance-applied  collage  characteristics  of 
multilayered  thin  film  EL 

Typical  luminance  versus  applied  voltage  (L- 
V)  characteristics  are  shown  in  Fig.  6  [4].  The 
conventional  structure  of  the  ZnS/SrS :  Ce/ZnS 
thin  film  EL  device  is  contrasted  with  the 
(SrS :  Ce/ZnS),  multilayered  thin  film  EL  device 
prepared  by  reactive  evaporation.  As  expected, 
the  introduction  of  (SrS:Ce/ZnS)„  multilayered 
phosphors  in  thin  film  EL  devices  leads  to  a 
significant  increase  of  luminance  and  efficiency. 
The  maximum  luminance  of  1 100  cd/m‘  at  1  kHz 
is  higher  for  the  multilayered  structure  than  for 
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the  conventional  device  (300  cd/m^).  The  overall 
increase  in  luminance  of  the  9  multilayer  device 
compared  with  the  conventional  one  is  about  3 
times.  The  threshold  voltage  of  about  250  V  for 
the  multilayered  TFEL  device  is  lower  than  for 
the  conventional  thin  film  EL  device,  although 
the  multilayered  phosphor  has  larger  thickness. 
Probably,  the  reasons  are  related  to  the  primary 
electron  generation  from  the  SrS/ZnS  hetero-in¬ 
terfacial  states. 


4.  Hot  wall  technique  for  (SrS/ZnS)„  multilay¬ 
ered  thin  film  growth 

4. 1.  Hot  wall  deposition  technique 

To  obtain  (SrS/ZnS)„  multilayered  thin  films 
with  larger  layer  number  and  with  good  quality,  it 
is  beneficial  if  the  SrS  and  ZnS  thin  films  are 
grown  at  the  same  substrate  temperature.  As 
mentioned  in  section  3.2,  in  the  case  of  reactive 
evaporation  and  electron  beam  evaporation,  ZnS 
thin  films  are  usually  grown  at  a  relatively  low 
substrate  temperature  of  200-300°C.  Contrary  to 
this,  the  optimum  substrate  temperature  during 
SrS  thin  film  deposition  is  higher  (5()0°C).  This 
results  in  difficulty  in  growing  (SrS/ZnS)„  multi¬ 
layered  thin  films.  To  grow  (SrS/ZnS)„  multilay¬ 
ered  thin  films  at  the  same  substrate  tempera¬ 
ture,  we  have  tried  to  use  the  hot  wall  deposition 
technique,  and  studied  the  thin  film  growth  of 
ZnS  and  SrS  thin  films  at  the  wide  substrate 
temperature  range  of  300-6(K)°C. 

The  hot  wall  deposition  equipment  used  in  this 
experiment  has  two  hot  wall  cells  for  ZnS  and  for 
SrS  thin  film  growth  [8].  ZnS  thin  films  were 
grown  by  using  a  ZnS  powder  source,  which  was 
resistively  heated  to  7(K)-850°C.  To  increase  the 
deposition  rate,  sulfur  vapor  was  also  introduced 
into  the  ZnS  cell.  SrS  thin  films  were  grown 
through  the  chemical  reaction  of  Sr  and  S  vapor. 
Sr  vapor  was  supplied  from  the  Sr  metal  source 
resistively  heated  to  580-650°C.  Controlled  S  va¬ 
por  was  supplied  to  the  Sr  cell.  (SrS/ZnS)„  mul¬ 
tilayered  thin  films  were  grown  by  the  sequential 
deposition  of  the  SrS  and  ZnS  films.  To  achieve 


the  sequential  deposition,  the  substrate  was  ex¬ 
posed  alternatively  to  ZnS  cell  and  SrS  cell. 

4.2.  Growth  of  ZnS  and  SrS  thin  films 

Fig.  7  shows  the  dependence  of  the  deposition 
rate  of  ZnS  and  SrS  films  on  the  substrate  tem¬ 
perature  [8].  The  temperature  of  the  ZnS 
powder  source  was  8(X)  and  850°C.  The 
deposition  rate  of  the  ZnS  films  decreased  rapidly 
with  an  increase  of  the  substrate  temperature, 
and  became  less  than  1  A/s  at  >  4()0°C,  even 
when  ^ZnS  was  increased  to  SSO^C.  It  is  reported 
that  to  grow  SrS  thin  films  having  a  good  crys¬ 
tallinity,  substrate  temperatures  over  400°C  have 
to  be  used  [2].  Therefore,  to  deposit  ZnS  and  SrS 
films  at  the  same  temperature,  ZnS  films  should 
be  deposited  at  least  at  4()0°C.  To  increase  the 
deposition  rate  of  the  ZnS  thin  films,  we  have 
tried  to  introduce  S  vapor  during  ZnS  deposition. 
In  other  words,  we  increased  the  S/Zn  ratio 
during  deposition  to  reduce  the  re-evaporation  of 
Zn  from  the  surface  of  the  ZnS  thin  films.  As  a 
result,  we  have  found  that  the  deposition  rate  of 
the  ZnS  films  was  remarkably  increased  by  sup¬ 
plying  S  vapor,  as  shown  in  Fig.  7. 

Fig.  7  also  shows  the  dependence  of  the  depo¬ 
sition  rate  of  SrS  thin  films  on  the  substrate 


Fig.  7.  Dependence  of  the  deposition  rate  of  ZnS  and  SrS  thin 
nims  on  the  substrate  temperature. 
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temperature.  Since  Sr  metal  has  higher  vapor 
pressure,  the  deposition  rate  increases  remark¬ 
ably  at  >  600°C.  Therefore,  we  used  Tg,  of 
580-600°C  to  control  the  Sr  vapor  pressure.  On 
the  other  hand,  the  deposition  rate  of  SrS  films 
depends  slightly  on  the  S  vapor  pressure.  As 
shown  in  Fig.  7,  a  deposition  rate  of  1  A/s  for 
SrS  films  can  be  achieved  in  the  substrate  tem¬ 
perature  range  of  350-550°C  under  the  deposi¬ 
tion  conditions  of  T^,  =  600°C  and  sulfur  pres¬ 
sure  of  1.3  X  10"^  Pa. 

These  results  imply  that  a  proper  deposition 
rate  of  the  order  of  1  A/s  was  obtained  for  both 
ZnS  and  SrS  thin  films  at  the  same  substrate 
temperature  region  of  400-500°C.  As  a  result,  it 
became  possible  to  deposit  ZnS  and  SrS  films 
sequentially  at  the  same  substrate  temperature. 

4.3.  Growth  of  (SrS  /  ZnS )„  multilayered  thin  films 

Fig.  8  shows  the  XRD  patterns  of  (SrS/ZnS)„ 
multilayered  films  having  11  and  51  layers.  The 
total  thickness  is  1  ^im.  The  overall  thicknesses  of 
SrS  and  ZnS  are  almost  the  same  (about  500  nm). 
For  comparison,  the  XRD  patterns  of  SrS  and 
ZnS  films  are  shown  in  Figs.  8b  and  8c.  Since  the 
diffraction  peaks  due  to  ZnS  and  SrS  lattices  are 
observed  for  multilayered  thin  films,  ZnS  and  SrS 
layers  were  grown  successfully  even  for  51  thin 
film  layers,  in  which  each  SrS  and  ZnS  layer  was 
only  20  nm  thick.  The  ZnS  layers  were  strongly 
oriented  to  <  1 1 1 )  for  both  multilayered  thin  films. 
This  result  is  the  same  as  in  the  case  of  the 
electron  beam  evaporated  and  reactive  evapo¬ 
rated  (SrS/ZnS)„  multilayered  thin  films  men¬ 
tioned  in  section  3.2.  On  the  contrary,  for  SrS 
films,  the  (200)  peak  became  weak  and  the  (111) 
and  (220)  peaks  became  rather  strong.  This  indi¬ 
cates  that  the  orientation  of  the  SrS  thin  films  in 
the  multilayered  films  is  strongly  affected  by  the 
ZnS  interface.  Since  both  the  (111)  surface  of 
ZnS  and  that  of  SrS  are  polar,  but  the  SrS  (200) 
surface  is  electrically  neutral,  SrS  films  with  (111) 
orientation  tend  to  grow  on  ZnS  (111)  surface. 
However,  the  growth  kinetics  of  (SrS/ZnS)^  mul¬ 
tilayered  thin  films  by  different  growth  technique 
are  not  yet  well  understood. 
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Fig.  8.  (a)  X-ray  diffraction  patterns  of  tSrS/ZnS)„  multilay¬ 
ered  thin  films  with  II  and  51  layers,  which  were  grown  by 
using  hot  wall  deposition  technique.  XRD  patterns  of  (hi  SrS 
and  (c)  ZnS  thin  films  are  shown  for  comparison. 


4.4.  EL  characteristics 

Thin  film  EL  devices  having  hot  wall  grown 
(SrS ;  Ce/ZnS)„  multilayered  phosphors  were 
prepared.  The  device  showed  a  greenish-blue  EL 
emission.  A  luminance  of  10  cd/m’  at  1  kHz  was 
obtained.  This  value  is  lower  than  those  for  the 
multilayered  EL  devices  prepared  by  electron 
beam  and  reactive  evaporation  techniques,  be¬ 
cause  the  Ce  concentration  and  other  device  pa¬ 
rameters  have  not  been  optimized  yet. 


5.  Summary 

We  have  summarized  the  recent  experimental 
results  for  (SrS :  Ce/ZnS)„  multilayered  thin  film 
EL  devices  prepared  by  reactive  evaporation  and 
electron  beam  evaporation  techniques.  The  EL 
characteristics,  such  as  luminance  and  efficiency, 
of  (SrS  ;Ce/ZnS),  multilayered  thin  film  EL  de- 
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vices  are  improved  two  to  three  times  compared 
with  conventional  SrS :  Ce  thin  film  EL  devices. 
Growth  of  (SrS/ZnS)„  multilayered  thin  films  by 
using  hot  wall  technique  has  been  studied.  This 
deposition  method  enables  us  to  grow  ZnS  and 
SrS  thin  films  at  the  same  substrate  temperature 
and  then  enables  us  to  prepare  (SrS/ZnS)„  thin 
films  having  large  layer  number.  The  potential  of 
multilayered  thin  film  EL  devices  is  promising. 
The  development,  however,  is  still  in  its  early 
stages  and  further  research  is  required  to  develop 
appropriate  thin  film  growth  techniques  and  to 
understand  the  EL  mechanism  of  the  multilay¬ 
ered  thin  film  EL  devices. 
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Abstract 

SrSiCeCIi  based  thin  film  electroluminescent  devices  in  conventional  and  multilayer  structures  have  been 
investigated  by  means  of  time  and  voltage  dependent  photoluminescence  (PL)  measurements  after  laser  excitation  of 
the  Ce'^  ions.  It  turned  out  that  a  significant  photo-induced  transferred  charge  as  well  as  photo-induced 
electroluminescence  (PEL)  occurs  at  voltage  levels  far  below  the  actual  EL  threshold,  mainly  in  the  trailing  edge  of 
the  voltage  pulse.  Furthermore,  a  reduction  of  the  PL  intensity  by  increasing  the  applied  voltage  is  observed.  At  EL 
threshold  voltage,  the  PL  intensity  is  as  low  as  65-75%  of  the  zero  voltage  value.  These  observations  are 
independent  of  the  device  structure.  The  PEL  can  be  described  as  a  partial  regain  of  the  quenched  PL,  being  more 
pronounced  in  the  multilayer  case  due  to  a  higher  mean  electric  field  strength  in  the  SrS :  CeCI ,  layers.  To  explain 
the  experimental  findings,  a  quenching  caused  by  weakly  accelerated  electrons  is  proposed. 


1.  Introduction 

Since  rare-earth  activated  alkaline-earth  sul¬ 
fides  (AESs)  have  been  introduced  as  promising 
phosphor  materials  in  AC-driven  thin  film  elec¬ 
troluminescence  (AC-TFEL),  a  contradictory  dis¬ 
cussion  about  the  involved  excitation  mechanisms 
is  in  progress  [1-3].  In  particular,  the  understand¬ 
ing  of  the  so-called  trailing  edge  (TE)  emission  of 
such  devices  which  occurs  when  the  voltage  pulse 
is  switched  off  is  important,  because  it  is  usually 
not  observed  in  ZnS :  Mn  TFEL  devices.  Further¬ 
more,  it  is  not  decided  whether  the  TE  emission 
is  inherent  in  AES  phosphors  or  only  caused  by 
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imperfections  originating  from  the  incorporation 
of  rare-earth  ions.  Hence,  the  clarification  of  the 
nature  of  the  TE  emission  will  give  important 
hints  for  a  further  optimization  of  AES  based 
TFEL. 

The  reported  experimental  findings  for  SrS :  Ce 
and  CaS :  Eu  are  as  follows:  It  seems  to  be  proven 
that  the  TE  emission  is  related  to  the  recombina¬ 
tion  of  electrons  via  luminescent  centres  which 
have  been  ionized  during  the  high  field  period  of 
the  voltage  pulse.  The  ionization  is  caused  by  a 
mechanism  called  field-quenching  or  field-delo¬ 
calization  [1,2,4].  An  ex[>erimental  indication  of 
this  model  is  given  by  the  appearance  of  a  photo- 
induced  transferred  charge  after  photolumines¬ 
cence  (PL)  excitation  in  an  electric  field  [5.6].  The 
field-quenching  mechanism  is  explained  by  sev- 
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eral  authors  [7,8]  as  field-stimulated  tunnelling  of 
electrons  from  the  excited  5d  level  of  and 
Eu’^  into  the  conduction  band,  assuming  that 
the  5d  level  is  located  in  the  forbidden  gap  of  the 
host,  1  eV  or  less  below  the  conduction  band 
edge. 

It  is  believed  that  the  TE  emission  compen¬ 
sates  to  some  extent  the  luminescence  losses  dur¬ 
ing  the  electroluminescence  (EL)  process  in  the 
leading  edge.  However,  if  the  quenching  of  the 
luminescence  in  the  leading  edge  (LE)  is  a  pre¬ 
requisite  for  the  TE  emission,  it  is  not  clear 
whether  the  trailing  edge  emission  is  beneficial  or 
should  be  avoided  for  improving  the  device  effi¬ 
ciency.  On  the  other  hand,  if  the  mechanism 
generating  TE  emission  is  efficient  and  can  be 
enhanced,  as  for  instance  the  multilayer  approach 
indicates,  one  should  make  use  of  it.  It  was  found 
that  the  luminance  and  efficiency  of  multilayer 
devices  is  two-  to  threefold  compared  to  conven¬ 
tional  devices  [9,10]. 

In  order  to  evaluate  the  mechanisms  involved, 
field  and  time  dependent  PL  measurements  have 
been  carried  out  on  SrS:CeCl,  EL  devices  in 
conventional  and  multilayer  structure. 


2.  Device  fabrication 

SrSiCeCl,  EL  devices  with  various  phosphor 
layer  structures  were  prepared  by  means  of  reac¬ 
tive  evaporation  as  previously  reported  [11].  Two 
types  of  devices  have  been  investigated,  conven¬ 
tional  devices  with  a  =  1  /xm  thick  SrSiCeCl, 
film  embedded  between  two  ZnS  layers  and  9 
multilayer  devices  having  9  alternating  ZnS  and 
SrSiCeCl^  films  as  active  layers.  In  either  case, 
ZnS  is  forming  the  interface  to  the  insulators.  In 
the  multilayer  devices,  the  thickness  of  each 
SrSiCeClj  single  layer  was  around  200  nm.  All 
samples  were  fabricated  with  the  same  combina¬ 
tion  of  insulating  films  using  Si3N,  as  bottom  and 
Si  3N4/Ta205  as  top  insulator.  The  doping  of  the 
SrS  films  was  provided  by  CeCl,  coevaporation 
and  adjusted  to  a  concentration  of  about  0.5  at% 
Ce  in  all  samples.  The  ZnS  layers  remained  un¬ 
doped. 


3.  Measurements 

The  PL  excitation  in  the  range  of  400-480  nm 
was  done  by  means  of  a  nitrogen-laser-pumped 
dye  laser  with  1  fiJ  pulse  energy  and  500  ps  pulse 
width.  A  digital  oscilloscope  was  used  to  acquire 
the  time  resolved  behaviour  of  EL  and  PL,  which 
has  been  measured  with  a  fast  photomultiplier. 
For  the  low  temperature  measurements,  a  refrig¬ 
erator  cryostat  was  used  which  could  provide 
temperatures  as  low  as  15  K. 

3. 1.  Photo-induced  trailing  edge  emission 

The  photo-excitation  of  SrS :  Ce  TFEL  devices 
at  wavelengths  fitting  the  Ce’^  absorption  band 
results  in  a  voltage  dependent  photo-current  or 
photo-induced  transferred  charge  [5,6].  It  turns 
out  that  the  same  excitation  spectrum  as  for  the 
blue-green  5d-4f  luminescent  transition  of  Ce’^ 
is  observed,  supporting  the  assumption  that  some 
excited  Ce’^  centres  are  ionized  in  high  electric 
fields.  Looking  in  more  detail  on  the  response  of 
SrS: CeCl 3  devices  after  laser  excitation  not  only 
a  transferred  charge,  but  also  a  photo-induced 
EL  (PEL)  is  observed  even  at  voltages  much 
lower  than  the  EL  threshold  voltage  (/,h  (Fig.  1). 
As  stated  above  for  the  photo-transferred  charge 
Qpf,,  the  excitation  spectrum  of  the  PEL  coin¬ 
cides  with  the  Ce^^  excitation  spectrum  indicat¬ 
ing  related  mechanisms. 


0  0.2  0.4  0.6  0.8  1  1.2  1.4 

normalized  voltage 


Fig.  1.  Typical  intensity  versus  voltage  characteristics  of 
SrS: CeCl 3  based  TFEL  devices  with  (□)  and  without  (■) 
laser  excitation  (voltage  is  normalized  to  the  EL  threshold 
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Fig.  2.  Time  resolved  PEL  response  at  voltages  above  and 
below  the  EL  threshold  (TE:  trailing  edge:  LE:  leading  edge 
emission). 


As  shown  in  the  inset  of  Fig.  2,  the  laser 
excitation  with  a  frequency  of  20  Hz  was  adjusted 
to  the  pulse  dwell  of  the  100  Hz  driving  pulse. 
Fig.  2  shows  an  example  of  the  time  resolved  PEL 
at  driving  voltages  below  as  well  as  above  the 
threshold  U^^,.  The  latter  was  determined  by  the 
difference  between  “dark”  EL  and  photo-EL.  To 
avoid  any  misinterpreting  of  leading  and  trailing 
edge  PEL  processes,  a  specially  designed  voltage 
shape  with  a  steady  decrease  after  the  laser  exci¬ 
tation  was  applied.  As  exhibited  in  Fig.  where 
the  integrated  luminescence  response  is  dis- 


Fig.  3.  Integrated  PEL  intensity  versus  applied  voltage  (volt¬ 
age  is  normalized  to  1/,^). 


played,  a  remarkable  PEL  is  observed  already  at 
voltage  levels  of  only  0.011/,^.  A  further  increase 
of  voltage  results  in  a  soft  increase  of  PEL  before 
it  peaks  just  above  the  EL  threshold.  An  evalua¬ 
tion  of  the  PEL  response  indicates  that  below  EL 
threshold,  only  a  PEL  in  the  trailing  edge  is 
found.  An  increase  of  voltage  above  leads 
mainly  to  an  additional  leading  edge  response. 
These  features  were  found  in  conventional  as 
well  as  in  multilayer  structures.  However,  in  the 
latter  case  the  additional  response  in  the  leading 
edge  is  more  pronounced.  These  findings  are  in 
contrast  to  experiments  carried  out  on  ZnS :  Mn 
devices  under  UV  irradiation,  which  exhibit  the 
well-known  EL  mechanism  above  and  below 
threshold  voltage  [12]. 

3.2.  Photoluminescence  in  high  electric  fields 

In  order  to  elucidate  the  mechanisms  responsi¬ 
ble  for  the  photo-induced  transferred  charge  and 
the  PEL,  the  integral  PL  intensity  and  the  photo- 
luminescence  decay  time  r  of  the  Ce'"  emission 
were  measured  under  EL  driving  conditions.  The 
decay  time  t  has  been  determined  by  fitting  the 


norm*li2«d  voltaga 

Fig.  4.  Normalized  PL  response  versus  applied  voltage  of 
conventional  (•)  and  multilayer  (o)  devices. 
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exponential  PL  decay  curve  over  2  orders  of 
magnitude.  As  a  common  feature,  it  can  be  seen 
from  Fig.  4  that  the  decrease  of  the  PL  follows 
continuously  the  increase  of  the  applied  voltage. 
The  PL  intensity  at  EL  threshold  remains  at 
about  65-75%  of  the  value  at  zero  voltage  (PLq). 
In  Fig.  5  the  voltage  dependences  of  t/tq  (tq: 
decay  time  without  applied  voltage)  and  of 
PL/PLfl  are  displayed.  Since  Tq  varies  from  22  to 
25  ns  for  the  different  samples,  indicating  a  more 
or  less  disturbed  incorporation  of  the  luminescent 
centres,  the  decrease  of  t/tq  under  applied  volt¬ 
age  is  almost  independent  of  Tq  and  only  about 
8-10%  at  Hence,  the  contribution  of  the 
field-reduced  5d-4f  decay  time  to  the  decrease  of 
the  PL  intensity  seems  to  be  negligible.  To  evalu¬ 
ate  the  influence  of  thermal  activation,  these 
measurements  were  also  carried  out  at  a  temper¬ 
ature  of  15  K.  As  shown  in  Fig.  5,  an  even  weaker 
decrease  of  the  decay  time  versus  applied  voltage 
in  the  low  temperature  case  is  found,  whereas  at 
f/,h  the  PL  intensity  is  reduced  to  approximately 
the  same  level  as  found  in  the  room  temperature 
measurement.  A  modification  of  Tq  and  PLq  with 
temperature  was  not  observed. 

Summarizing  this  section,  the  more  pro¬ 
nounced  drop  of  PL/PL,,  compared  to  t/tq  can 
be  explained  by  considering  a  quenching  process 
which  is  much  faster  than  the  time  resolution  of  1 
ns  of  the  measuring  setup.  In  addition,  the  Ce'^* 
decay  time  t  is  affected  by  temperature,  whereas 
the  quenching  process  represented  by  PL/PL^  is 
almost  temperature  independent. 


Fig.  5.  Nonnalized  PL  intensity  and  decay  time  versus  normal¬ 
ized  voltage  measured  at  room  temperature  (Filled  symbols) 
and  IS  K  (open  symbols). 


Fig.  6.  PEL  regain  related  to  PL  loss  dPL  versus  applied 
voltage  of  conventional  (•)  and  multilayer  (o)  devices  (voltage 
is  normalized  to  t/,^). 

No  significant  differences  between  multilayer 
and  conventional  devices  have  been  observed  so 
far;  however,  it  is  known  from  EL  data  that  the 
multilayer  devices  are  more  luminant  and  more 
efficient  than  the  conventional  ones.  Therefore, 
to  obtain  a  further  parameter  for  the  comparison 
of  the  two  types  of  devices,  the  ratios  of  the 
photo-induced  electroluminescence  (PEL)  to  the 
PL  losses  (dPL)  for  the  various  device  structures 
have  been  calculated.  PEL/dPL  can  be  seen  as  a 
measure  for  the  regain  of  losses  occurring  in 
either  PL  or  EL  during  the  time  period  when  a 
high  electric  Held  is  applied. 

Fig.  6  shows  the  behaviour  of  PEL/dPL  ver¬ 
sus  applied  voltage  for  a  conventional  and  for  a 
multilayer  device.  In  the  low  field  region,  PEL/ 
dPL  is  about  1,  reduced  to  0.6-0.4  just  before  the 
threshold  voltage  for  both  types.  However,  a  fur¬ 
ther  increase  of  the  applied  voltage  leads  to  a 
distinct  behaviour  of  the  different  structures. 
Whereas  in  the  conventional  case  PEL/dPL  in¬ 
creases  slightly,  followed  by  a  drop  even  below 
the  threshold  level,  a  significant  increase  of 
PEL/dPL  in  the  multilayer  case  is  observed, 
mainly  due  to  a  gain  in  the  PEL  leading  edge  (see 
Fig.  3). 


4.  Discussion 

It  turned  out  that  the  photo-induced  trans¬ 
ferred  charge  as  well  as  the  photo-induced 
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Fig.  7.  Measured  ( ■ )  and  estimated  (  a  )  photo-induced  trans¬ 
ferred  charge  versus  normalized  voltage. 


TE  emission  observed  in  SrS:Ce  based  TFEL 
devices  are  accompanied  by  a  decrease  of  photo¬ 
luminescence  intensity  with  increasing  voltage. 
Therefore,  clear  evidence  is  given  that  the  bases 
for  the  efficient  TE  emission  in  PL  and  EL  are 
ionized  luminescent  centres.  Furthermore,  the 
trailing  edge  emission  can  be  seen  as  a  regain  of 
losses  caused  by  the  ionization  process. 

The  regain  below  EL  threshold  is  comparable 
for  conventional  and  multilayer  devices  and  is 
caused  by  a  PEL  emission  in  the  trailing  edge.  In 
contrast,  by  increasing  the  voltage  above  thresh¬ 
old,  the  regain  is  more  pronounced  in  the  multi¬ 
layer  case.  This  occurs  not  in  the  trailing  edge  but 
in  the  subsequent  leading  edge  (Fig.  3),  accompa¬ 
nied  by  an  increase  of  photo-induced  transferred 
charge,  as  shown  in  Fig.  7.  Also  shown  in  Fig.  7  is 
the  expected  charge  Q*  which  can  be  deduced 
from  the  PL  losses.  The  relative  measure  of 
was  calculated  according  to  the  formula  Q*  ~ 
+  ^v.o^T'o  “  T-I/Tfl.  Herein,  I^g  represents  the 
number  of  excited  luminescent  centres  evaluated 
from  the  time-resolved  PL  at  time  /  =  0  and 
measured  at  the  respective  voltage  levels,  = 
/g.o  -  /y.n  includes  the  fast  quenching  mechanism 
as  discussed  above.  Comparing  the  voltage  de¬ 
pendence  of  Q*  with  Gph,  a  significant  differ¬ 
ence  above  is  observed.  This  can  be  at¬ 
tributed  to  a  multiplication  of  initial  carriers 
which  originate  from  luminescent  centres  or  from 
interface  states,  resulting  in  an  even  stronger 


quenching  as  seen  in  the  dip  of  the  PL  in  Fig.  4 
around  f/,,,.  Hence,  the  proposed  multiplication  is 
not  caused  by  a  band-to-band  ionization  process, 
but  by  an  electron  transition  from  Ce’^  into  the 
conduction  band.  Further  hints  for  this  mode  are 
found  if  the  decrease  of  t  and  PL  intensity  with 
increasing  voltage  is  taken  into  account.  Such 
behaviour  can  hardly  be  described  by  Frenkel - 
Poole  emission  or  tunnelling  through  a  barrier, 
where  both  follow  exponentially  the  electric  field. 
It  should  be  noted  that  the  electric  field  in  the 
SrSiCeClj  layer  changes  from  0.01  to  about  1 
MV /cm. 

Again  focussing  on  the  different  device  struc¬ 
tures,  the  more  pronounced  loss  of  PL  associated 
with  a  larger  gain  of  photo-induced  transferred 
charge  is  observed  in  the  multilayer  case.  This 
can  be  attributed  to  a  higher  mean  electric  field 
strength  in  the  emitting  layer,  which  is  caused  by 
the  thinner  SrS:CeCl,  (200  nm)  compared  to  the 
conventional  device  (1  /um).  This  has  also  been 
observed  in  ref.  [13],  where  conventional  devices 
with  different  SrS :  Ce  thicknesses  have  been 
compared  in  EL.  It  was  shown  that  the  thinner 
the  SrS:Ce,  the  higher  the  mean  electric  field 
strength.  Hence,  the  higher  electric  field  in  the 
multilayer  case  results  in  the  observed  higher 
reduction  of  PL  intensity,  the  higher  photo-in¬ 
duced  transferred  charge  as  well  as  the  enhanced 
regain. 

In  conclusion,  the  ionization  of  excited  Ce’* 
luminescent  centres  has  been  identified  as  a  pre¬ 
requisite  for  trailing  edge.  It  has  been  shown  that 
the  gain  in  luminance  and  efficiency  in  multilayer 
devices  is  only  partially  due  to  an  increased  trail¬ 
ing  edge  response,  because  the  additional  emis¬ 
sion  in  the  subsequent  leading  edge  contributes 
significantly  to  the  overall  emission.  The  quench¬ 
ing  of  the  excited  Ce’*  centres  by  impact  of 
electrons  is  considered  to  be  the  responsible 
mechanism.  The  multilayer  approach  gives  rise  to 
achieving  a  higher  mean  electric  field  strength  in 
the  light  emitting  SrSrCeCl,  layers.  Therefore, 
further  investigations  on  AES  based  TFEL  de¬ 
vices  should  focus  on  both,  optimized  incorpora¬ 
tion  of  the  luminescent  centres  including  the 
question  of  codoping  as  well  as  device  structures 
whieh  allow  high  electric  fields  in  the  AES  films. 
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Abstract 

Measurements  under  continuous  UV  illumination  permit  one  to  investigate  the  influence  of  a  bulk  space  charge 
on  the  excitation  efficiency  in  ZnS  thin  film  electroluminescent  devices.  Depending  on  the  irradiation  intensity, 
the  addition  of  UV  reduces  or  even  erases  the  space  charge  which  is  responsible  for  the  inhomogeneous  excitation 
efficiency.  When  the  space  charge  is  reduced,  is  higher  in  the  region  near  the  anodic  insulator-semiconductor 
interface.  In  another  experiment,  neodymium  doped  ZnS  samples  are  used  to  determine  the  variation  of  the  space 
charge  during  the  charge  transfer.  Under  our  driving  conditions,  the  space  charge  increases  during  the  charge 
transport  in  the  steady  state  regime. 


1.  Introduction 

Alternating-current-driven  thin-film  electrolu¬ 
minescence  devices  (ACTFELDs)  have  been  ex¬ 
tensively  investigated  in  the  last  decade.  How¬ 
ever,  some  important  questions  are  still  open.  In 
particular  it  is  necessary,  in  order  to  develop 
reliable  full  colour  displays,  to  elucidate  the  prob¬ 
lems  related  to  the  charge  carrier  transport  and 
the  field  distribution  in  the  semiconductor. 

It  has  been  shown  in  ref.  [1]  that  the  well- 
known  decrease  of  the  efficiency  of  ZnS:Mn 
ACTFELD  at  high  excitation  levels  is  partly  due 
to  a  strong  decrease  of  the  excitation  efficiency 
(ratio  of  the  number  of  excited  luminescent 
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centres  to  the  transferred  charge)  with  increasing 
transferred  charge.  Among  different  hypotheses, 
it  has  been  suggested  that  the  decrease  of 
stems  from  a  space  charge  in  the  ZnS  layer  [1], 
By  using  probe  layer  devices,  where  only  selected 
parts  of  the  ZnS  layer  are  doped,  it  has  been 
observed  that  is  nonuniform  [2].  As  the  exci¬ 
tation  efficiency  is  related  to  the  electric  field, 
the  field  must  be  nonuniform,  tcx).  This  result  is  a 
strong  indication  for  the  presence  of  bulk  space 
charge. 

In  this  work  we  present  two  methods  which 
provide  further  insight  into  the  role  of  the  space 
charge  in  ACTFELDs.  (1)  By  illuminating  the 
device  with  UV,  one  can  erase  the  space  charge 
and  verify  if  becomes  independent  of  the 
position  in  the  ZnS  layer.  (2)  The  doping  of  the 
probe  layer  with  a  luminescent  centre  providing  a 
fast  emission  allows  one  to  investigate  the  excita- 
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Fig.  1.  Schematic  structure  of  probe  layer  samples.  [X]  desig¬ 
nates  either  Mn,  TbF,  or  NdF,.  The  doped  layer  thickness  is 
about  one  fifth  to  one  sixth  of  the  total  semiconductor  thick¬ 
ness. 


tion  efficiency  and  the  behaviour  of  the  space 
charge  during  the  charge  transfer. 


Fig.  2.  Internal  residual  polarization  P  of  the  ZnS  layer 
versus  applied  voltage  U.  “AP  "  indicates  that  the  polariza¬ 
tion  is  determined  just  before  the  aluminium  electrode  is 
negatively  biased.  (•)  Without  UV  illumination:  (  a  )  under 
UV  illumination. 


2.  Samples 

All  the  samples  have  the  metal-insulator- 
semiconductor-insulator-metal  (MISIM)  struc¬ 
ture.  The  semiconductor  was  grown  by  electron 
beam  evaporation  and  the  doping  was  realized  by 
thermal  co-evaporation  in  order  to  ensure  uni¬ 
formity  of  the  dopant.  Depending  on  the  sample, 
the  doped  layer  is  located  in  a  different  part  of 
the  ZnS  layer:  either  near  the  insulator-semicon¬ 
ductor  (IS)  interface  or  in  the  middle  of  the  ZnS 
layer  (Fig.  1).  The  thickness  of  the  doped  ZnS 
layer  was  about  a  fifth  of  the  unintentionally 
doped  ZnS  layer.  For  a  series  of  samples,  the 
doped  layers  were  deposited  in  the  same  process, 
ensuring  thereby  that  all  have  the  same  dopant 
content  and  equal  luminescent  properties.  The 
dopant  is  either  Mn  or  TbF,  (section  3. 1 )  or  NdF, 
(section  3.2). 


3.  Results  and  discussion 

3.1.  UV  illumination 

After  a  charge  transfer  for  a  given  electric 
pulse,  there  is  a  polarization  P  in  the  ZnS  layer 
caused  by  the  stored  charge  in  the  insulator-ZnS 
interfaces  and  by  some  residual  bulk  space  charge. 
When  UV  is  added,  the  UV-generated  charge 
carriers  can  drift  under  the  polarization  field  and 


recombine  with  the  opposite  charged  centres.  As 
a  consequence,  P,  and  thereby  the  residual  space 
charge,  are  suppressed.  This  is  depicted  in  Fig.  2 
(UV  illumination  came  from  a  mercury  lamp  with 
a  filter  system  providing  UV  between  340  and  400 
nm).  This  process  is  very  efficient  at  low  frequen¬ 
cies  (some  Hz)  of  the  electric  excitation  (as  the 
recombination  takes  time),  and  at  high  levels  of 
transferred  charge  because  of  the  strong  residual 
polarization  field.  By  varying  the  irradiation  in¬ 
tensity,  one  can  choose  the  degree  of  space  charge 
erasing  in  the  semiconductor. 


Fig.  3.  Excitation  efficiency  versus  transferred  charge  Q,. 
“Al  ■  "  or  "ITO  “  ”  designates  the  negatively  biased  electrode. 
Sample  of  type  C  (see  Fig.  I ).  (•)  Without  UV  illumination; 
(a)  under  UV  illumination. 
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Fig.  3  depicts  some  typical  curves  of  for 
an  excitation  pulse  length  of  2  fis.  Here,  the 
probe  layer  is  adjacent  to  the  ITO  IS  interface 
(structure  C,  Fig.  1).  When  the  electron  injection 
comes  from  the  IS  interface  opposite  to  the  probe 
layer  (Al“),  is  lower  than  for  the  other 
polarity  and  decreases  with  increasing  charge. 
The  results  are  analogous  for  structure  A,  irre¬ 
spective  of  the  used  dopant  (Mn  or  Tb).  These 
are  the  main  results  of  ref.  [2]. 

The  key  point  is:  how  behaves  the  excitation 
efficiency  when  the  space  charge  is  suppressed? 
When  UV  is  added,  the  excitation  efficiency  for 
Al~  becomes  higher  and  there  is  no  decrease. 
This  confirms  the  influence  of  the  space  charge 
on  the  excitation  efficiency.  When  ITO"  is  nega¬ 
tively  biased,  the  situation  is  .somewhat  more 
complex.  At  low  voltage  level,  there  is  almost  no 
electron  injection  from  the  IS  interfaces  and  the 
charge  carriers  created  by  UV  in  the  bulk  are 
predominant.  As  most  of  these  carriers  are  gener- 
a‘ed  “behind”  the  probe  layer,  they  cannot  excite 
the  centres  therein.  As  a  consequence,  is 
very  low  and  increases  the  more  the  electrons 
injected  at  the  IS  interface  contribute  to  the 
transferred  charge.  At  high  level,  does  not 
reach  the  value  obtained  without  UV.  This  may 
be  explained  by  the  suppre.ssion  of  the  space 
charge  which  can  diminish  the  field  near  the 
cathode.  One  observes  at  the  same  time  a  differ¬ 
ence  between  Al“  and  ITO"  under  UV  at  high 
excitation  level.  We  suggest  that  this  is  due  to  the 
less  good  crystallinity  of  the  first  grown  ZnS  on 
the  ITO  side  which  results  in  a  somewhat  lower 
excitation  efficiency  compared  to  Al"  under  the 
same  conditions  as  already  observed  in  ref.  [2]. 
This  would  explain  why  for  the  structure  A, 
is  slightly  higher  under  UV  when  Al"  compared 
to  for  ITO"  under  UV. 

3.2.  Nd  emission 

The  measurements  presented  in  the  previous 
section  as  well  as  those  presented  in  refs.  [1,2] 
permit  one  to  investigate  the  excitation  efficiency 
at  different  parts  of  the  semiconductor  layer,  but 
it  is  still  integrated  over  the  time  of  charge  trans¬ 
fer.  Therefore,  the  second  series  of  experiences 


were  dedicated  to  the  time  behaviour  of  the 
space  charge  during  the  charge  transfer.  For  this 
purpose,  we  realized  probe  layer  samples  with  a 
dopant  providing  a  sufficient  fast  emission  that 
follows  very  closely  the  charge  transfer.  The  tran¬ 
sit  time  of  one  electron  in  an  ACTFELD  at  high 
fields  (about  1  MV/cm)  for  a  1  )u.m  thick  ZnS 
layer  lies  in  the  order  of  some  picoseconds.  How¬ 
ever,  due  to  the  electron  emission  mechanism 
(which  is  generally  assumed  to  be  the  tunnel 
effect  [3]),  the  time  of  the  real  conduction  current 
is  of  the  order  of  microseconds.  Thus,  one  is 
looking  for  an  emission  with  a  decay  time  below  1 
fis.  The  red  emission  due  io  the 
transition  of  Nd’^  satisfies  this  requirement.  For 
a  concentration  of  about  1  mol%.  its  decay  time 
is  about  300  ns,  as  revealed  from  our  cathodo- 
luminescence  measurements.  As  shown  in  former 
experiments,  direct  impact  excitation  prevails  in 
Nd-doped  ZnS  [4],  so  that  the  short  decay  time 
allows  one  to  measure  an  instantaneous  efficiency 
by  taking  at  each  time  the  ratio  of  the  Nd  lumi¬ 
nescence  to  the  conduction  current. 

Fig.  4  shows  a  typical  result  for  a  sample 
(structure  A).  The  conduction  current  density  J 
was  determined  c  ;ig  the  bridge  method  that 
permits  one  to  compensate  the  displacement  cur¬ 
rent  [5].  J{i)  is  virtually  independent  of  the  polar¬ 
ity.  For  the  sake  of  legibility,  J  is  only  repre- 


Fig.  4.  Luminescence  L  at  fiOO  nm  and  conduction  current 
density  J  versus  time  i.  The  indices  “Al  "  or  ITO  "  desig¬ 
nate  the  negatively  biased  electrode.  Applied  pulse  form  is 
shown  by  dotted  line.  Sample  of  type  A  (see  Fig.  I ), 
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sented  for  one  polarity  (Al  ).  The  total  trans¬ 
ferred  charge  during  the  applied  pulse  of  50  fis 
length  is  around  1  ixC/cm^.  This  corresponds  to 
a  high  level  where  existence  of  strong  space  charge 
is  expected. 

The  Nd’"^  luminescence  at  600  nm  is  com¬ 
pared  for  the  two  polarities;  For  structure  A,  the 
luminescence  L  is  ail  the  time  higher  when  AI 
compared  to  ITO“  (Fig.  4).  This  asymmetry  is  in 
keeping  with  the  results  in  Mn  or  Tb  doped 
samples  revealing  that  the  field  at  the  cathode  is 
higher  than  near  the  anode.  One  can  observe  a 
delay  of  1  p,s  between  the  maxima  of  J  and  L 
which  has  to  be  explained  in  order  to  determine 
the  exact  behaviour  of 


’(0  = 


L(t) 

J{t) 


’(0  = 


L(‘) 

J(t) 


Nevertheless,  the  ratio  of  the  two  instantaneous 
efficiencies  can  be  expressed  as  ^  \t)/ 

Tji.'™  \n. 

Fig.  5  shows  R  for  the  structure  A.  At  the 
beginning  of  the  charge  transfer,  the  efficiency  is 
about  two  times  higher  for  AI'.  This  polarity 
dependence  of  the  efficiency  reflects  the  pres¬ 
ence  of  a  residual  space  charge  before  the  charge 


I 


Fig.  5.  Ratio  of  the  instantaneous  excitation  efficiencies 
tr)  versus  time  /,  Sample  of  type  A  (see 

Fig.  I ). 


transfer  in  agreement  with  ref.  [2]  and  the  results 
under  UV  illumination. 

There  is  an  important  additional  result  which 
concerns  the  dynamic  behaviour  of  the  space 
charge:  R  increases  during  the  charge  transport 
by  a  factor  2.  This  indicates  that  in  the  steady 
state  regime  and  under  our  driving  conditions  (6 
Hz,  pulse  width  of  50  /j.s),  the  space  charge  builds 
up  during  the  pulse.  Note  in  this  context  that 
experiments  on  integrally  doped  ZnS ;  Mn  de¬ 
vices.  where  the  instantaneous  excitation  effi¬ 
ciency  was  determined  by  deconvolution  of  the 
Mn  luminescence  response,  show  that  de¬ 
creases  during  the  charge  transfer  [6].  This  also 
suggests  that  the  space  charge  increases  during 
the  charge  transfer  in  these  devices.  The  exact 
picture  of  the  space  charge  dynamics,  however, 
may  depend  on  the  characteristics  of  the  grown 
layer  and  the  driving  conditions. 


4.  Conclusions 

Measurements  under  UV  illumination  prove 
the  influence  of  space  charge  on  the  e.xcitation 
efficiency  in  ZnS  thin  film  electroluminescent 
devices.  When  the  space  charge  is  suppressed  by 
the  UV  irradiation,  the  excitation  efficiency  is 
almost  uniform  across  the  semiconductor  layer  at 
high  excitation  levels.  Nd  doped  ZnS  samples  can 
be  used  to  determine  the  variation  of  the  space 
charge  during  the  charge  transfer.  In  the  steady 
state  regime,  there  is  a  residual  space  charge 
which  results  in  a  non  uniform  excitation  effi¬ 
ciency  from  the  beginning  of  charge  transport. 
The  non  uniformity  of  the  excitation  efficiency 
increases  with  higher  transferred  charge,  indicat¬ 
ing  that  the  space  charge  increases  during  charge 
transfer. 
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Abstract 

Zinc-blende  MnTe  films  (0  to  10  monolayers  (ML))  were  grown  by  molecular  beam  epitaxy  (MBE)  on  CdTedlKl), 
Angle-resolved  photoeicctron  spectroscopy  (ARPES)  and  resonantly  enhanced  photocleetron  spectroscopy  (RPES) 
were  performed.  The  Mn-3d  derived  partial  density  of  states  (Mn-3d  PDOS)  was  determined  for  the  first  time.  By 
analysis  of  the  Fano-like  Mn  3p-3d  resonance  near  hv  =  50  eV.  three  contributions  to  the  Mn-3d  PDOS  were 
derived  (denoted  M,  at  3.6  eV  binding  energy  (BE).  V,  at  1.9  eV  BE  and  S,  near  7.5  eV  BE).  The  Fano  ^-parameters 
obtained  agree  with  the  prediction  that  V  relates  basically  to  charge  transferred  states  of  Mn-3d^  L  character  and  S 
represents  predominantly  Mn-3d'‘  satellite  emission.  The  relative  branching  ratios  for  the  latter  two  features  to  the 
first  (V/M  and  S/M)  grow  monotonically  as  a  function  of  thin  MnTe  coverage  exceeding  bulk  Cd,  ,Mn,Te  values 
for  thicker  films.  This  behavior  is  possibly  due  to  strain  and  distortion  of  the  tetrahedral  symmetry  at  the  interface 
and  due  to  the  phase  transition  to  NiAs  structure. 


1.  Introduction 

It  is  well  established  that  MnTe  in  zinc-blende 
structure  can  be  stabilized  by  means  of  epitaxial 
growth  on  related  11- VI  substrates  [1-3].  Thus 
the  entire  concentration  range  of  Mn  in 
lIi_,Mn,Vl  compounds  (e.g..  Cd,  ,Mn,Te)  can 
be  investigated  experimentally.  In  particular,  the 
exchange  interaction  between  Mn-3d  spin  and 
the  valence  or  conduction  band  electrons,  the 
actual  electronic  structure  and  the  degree  of  p-d 
hybridization  have  been  subject  of  several  investi¬ 
gations  on  bulk  II|^,Mn,VI  compounds  [4].  By 
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means  of  resonant  enhancement  of  the  Mn-3d 
emission  at  the  Mn-3p  threshold  in  resonant  pho¬ 
toelectron  spectro.scopy  (RPES).  the  Mn-3d  de¬ 
rived  partial  density  of  states  (PDOS)  has  been 
studied  in  HgMnVl  [5],  CdMnVl  [6-8]  and  Zn- 
MnVl  [9.10].  These  experimental  investigations 
have  been  previously  limited  to  the  range  of  Mn 
concentration  available  in  bulk  samples  (e.g.,  0  < 
X  <0.77  for  zinc-blende  Cd|_,Mn,Te),  whereas 
most  theoretical  work  has  focussed  on  binary  Mn 
chalcogenides  [11-13].  In  this  paper  we  pre.sent 
the  first  photocmission  study  of  the  electronic 
structure  of  epitaxially  grown  MnTe  on  CdTe(lOO) 
using  .synchrotron  radiation.  The  Mn-3d  derived 
partial  density  of  states  in  zinc-blende  MnTe  is 
determined  by  utilizing  the  well-known  Mn  3p-3d 
resonance  near  50  eV  excitation  energy. 
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2.  Experimental  procedure 

Thin  CdTe  and  MnTe  films  were  grown  by 
molecular  beam  epitaxy  (MBE)  and  characterized 
by  Auger  electron  spectroscopy  (AES)  and  reflec¬ 
tion  high-energy  electron  diffraction  (RHEED). 
Angular-resolved  ultra-violet  photoelectron  spec¬ 
troscopy  (ARUPS)  and  (angular-resolved)  reso¬ 
nant  photoelectron  spectroscopy  (RPES)  were 
performed  in  situ.  Epitaxial  growth,  characteriza¬ 
tion  and  PE  experiments  were  performed  in  situ 
in  a  three-chamber  system.  The  work  reported 
here  was  carried  out  at  the  Berlin  synchrotron 
radiation  source  BESSY  using  a  toroid  grating 
monochromator  (TGM)  beamline.  The  photon 
energy  ranged  from  10  to  140  eV.  Energy  distri¬ 
bution  curves  (EDCs)  of  the  emitted  photoelec¬ 
trons  were  detected  with  a  commercial  hemi¬ 
spherical  energy  analyzer.  The  overall  resolution 
was  ~  200  meV  at  70  eV  photon  energy.  Work¬ 
ing  pressure  in  the  PE  chamber  was  <  8  X  10" 
mbar  and  <  5  x  10"'^  mbar  in  the  growth  cham¬ 
ber.  General  details  concerning  the  experimental 
set-up  and  our  photoemission  (PE)  experiment 
have  already  been  described  and  can  be  found  in 
ref.  [14]. 

CdTe  buffer  layers  were  grown  on  commercial 
InSb(lOO)  substrates.  Coverages  ranged  from  50 
to  150  monolayers  (InSb(lOO):  1  ML  =  4.76  x  10'“ 
particles/cm^ )  for  use  in  turn  as  substrate  sur¬ 
faces  for  monolayer  growth  of  MnTe  in  zinc- 
blende  (ZB)  structure.  CdTe  was  deposited  from 
two  elemental  effusion  cells  (Cd:  4.5N  and  Te: 
5N  material)  and  from  a  single  CdTe  effusion  cell 
(4.5N).  Typical  elemental  cell  temperatures  were 
220°C  for  Cd  and  280°C  for  Te.  Binary-cell  tem¬ 
peratures  ranged  around  310'’C.  Typical  growth 
rates  were  0.3  to  3  ML/min. 

Enhanced  Auger  intensity  ratios  of  In  (404  eV) 
and  Te  (483  eV)  to  Cd  (376  eV)  indicated  the 
formation  of  InjTe,  at  the  interface  with  deple¬ 
tion  of  Cd  in  the  first  few  monolayers  at 
210°C.  To  avoid  this,  samples  were  grown  at 
Tjub  =  170-190°C.  RHEED  paUerns  along  three 
azimuths  ((001),  (Oil)  and  <011>)of  InSWlOO), 
CdTe  buffer  layers  and  MnTe  films  (up  to  10 
ML)  indicated  good  two-dimensional  surface 
quality.  (8  X  2)  and  (4  X  2)  surface  reconstruc¬ 


tions  of  the  InSbdOO)  substrates  were  detected. 
(4  X  2)  and  (2x1)  surface  reconstructions  of 
CdTe(lOO)  were  observed.  Below  7*,^^  =  140°C, 
RHEED  patterns  became  spotty.  (2x1)  surface 
reconstruction  is  found  throughout  deposition  of 
MnTe.  No  other  specific  changes  of  the  RHEED 
pattern  were  detected  during  MnTe  deposition. 

Deposition  of  MnTe  (0  to  10  ML)  occurred  in 
situ  at  =  180°C.  Elemental  sources  and  a 
MnTe  compound  cell  were  used.  Typical  temper¬ 
atures  for  the  Mn  source  were  ~  800°C.  MnTe 
cell  temperatures  were  720°C.  MnTe  growth 
rates  were  ~  0.5  ML/min.  The  source  piower  was 
controlled  between  30  and  40  W  for  the  Mn 
source.  The  Mn  flux  rate  was  monitored  with  a 
cross-beam  quadrupyole  mass  spectrometer.  De¬ 
positions  were  calibrated  by  relating  coverages  to 
flux  rates  with  AES  data  and  with  reflectivity 
spectroscopy  (RS)  data  from  our  thick  films. 

MnTe  coverages  were  also  checked  by  compar¬ 
ing  the  Cd-4d  core  level  attenuation  in  ARUPS 
as  a  function  of  coverage  with  published  results 
by  Wall  et  al.  [8]  (Mn  on  CdTe(  1 10))  and  Niles  et 
al.  [15]  (MnTe/CdTed  10)).  This  way  indepen¬ 
dently  determined  inelastic  mean  free  paths  were 
extracted  assuming  a  simple  exponential  attenua¬ 
tion  versus  film  coverage  [16].  Fig.  1  shows  a 
combined  plot  of  MnTe  films  grown  on  CdTe(lOO) 
(our  data)  and  MnTe  films  grown  on  CdTe(llO) 
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Fig.  I.  Logarithmic  plot  of  the  attenuation  of  Cd-4J  core  level 
emission  at  70  eV  photon  energy  versus  deposition  of  MnTe. 
Data  from  this  work,  obtained  via  deposition  time  and  by 
estrapolation  from  growth  rates  of  thick  films  measured  by 
RS.  fit  on  the  .same  line  as  data  from  ref,  (I.S)  (MnTe/ 
CdTefllO)). 
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(data  from  ref.  [15]).  The  logarithmic  plot  of  PE 
intensity  and  the  nominal  MnTe  coverage  arc 
found  to  be  linear  with  the  evaporation  time. 

3.  Mn-3d  derived  density  of  states 

The  total  yield  of  the  Mn  3p-3d  threshold 
excitation  as  detected  by  measuring  the  sample 
current  versus  excitation  energy  is  presented  in 
Fig.  2.  The  signal  current  was  scaled  to  the 
monochromator  output  (determined  by  the  pho¬ 
tocurrent  from  the  Au  exit  mirror  of  the  beam 
line).  The  Tc-4d  core  level  absorption  is  seen  at 
41.1  eV  (4d5/2  edge)  and  at  42.7  eV  (4dj/2  edge). 
This  is  0.2  eV  lower  than  in  Cd,_^Mn,Te.  Mn-3d 
derived  absorption  features  are  predominant  be¬ 
tween  45  and  60  eV.  They  arise  from  resonantly 
enhanced  Mn-3d  emission.  The  Fano-like  reso¬ 
nance  is  due  to  the  interference  between  the 
direct  Mn-3d  emission  (channel  1)  and  Mn  3p  -♦ 
3d  transitions  followed  by  autoionization  which 
lead  to  the  same  final  state  (channel  2); 

Channel  1 :  Mn:  3p'*3d-’  -I-  hv  3p''3d"  -i-  e', 

continuous  excitation. 

Channel  2;  Mn:  3p'’3d’  +  hv  -*  3p‘’3d'’ 

3p'’3d‘'  +  e~,  discrete  excitation. 


Mn  3p-3d  Fano  resonance 


Fig.  2.  Total  photoemission  yield  of  6.1  ML  MnTe/CdTe(l(X)) 
as  a  function  of  photon  energy.  Te-4d  threshold  is  double- 
peaked  at  41.1(1)  eV  and  42.7(1)  eV.  The  predominant  Mn 
.■)p-3d  resonance  (‘P  multiplet)  is  at  50.5  eV.  Preceding 
features  are  denoted  to  weaker  "D  and  ‘F  multiplels  (dipole 
forbidden  transitions).  (Step  below  50  eV  is  assigned  to  ‘D. 
'’F  should  hardly  be  visible  in  the  plot.) 


The  different  structures  in  Fig.  2  are  from 
different  multiplets  of  the  final  3p'3d'’  configura¬ 
tion  ('’D,  ““F  and  *P).  The  prominent  absorption 
band  near  50  eV  is  due  to  transition  from  the 
3p^3d*  ('’S)  ground  state  into  the  3p‘'3d'’  ('’P) 
excited  state.  The  '’P  multiplet  is  the  only  dipole- 
allowed  transition  from  the  '’S  ground  state  in 
L-S  coupling.  The  asymmetric  line  shape  and 
width  are  governed  by  the  quantum-mechanical 
interference  with  the  degenerate  continuum  tran¬ 
sition  from  the  ground  state  into  the  3p'’3d^ef 
state  [17],  [18].  The  small  resonance  on  the  low 
energy  edge  of  the  '’P  resonance  is  assigned  to 
the  '’D  and  '’F  members  of  the  3p’3d'’  multiplet 
[181. 

The  Fano-like  enhancement  can  be  used  to 
separate  the  Mn-3d  related  portion  of  the  va¬ 
lence  band  emission  [5-10].  The  Fano  profile 
[17,18]  of  the  photoelectron  intensity  HE)  can  be 
written  as: 

/( E)  =  W  £)  +  /„(  E){q  +  e)  V(f-  +  1  )•  (1) 

/nr(£)  represents  the  non-resonant  background 
emission.  /„(£)  is  the  Mn-.3d  emission  in  absence 
of  autoionization  and  e  is  the  rescaled  energy, 
c  =  (E  -  E^^)/^,  with  being  the  resonance 
energy  and  E  the  width  of  the  resonance.  The 
Fano  ^-parameter  is  determined  by  the  strength 
of  the  intereference  between  the  particular  final 
states.  A  set  of  EDCs  taken  in  the  range  of 
resonance  excitation  for  6.1  ML  MnTe/ 
CdTe(lOO)  is  shown  in  Fig.  3.  Clearly,  three  fea¬ 
tures  appear  to  enhance  drastically  above  ca.  50 
eV:  at  7.5  eV,  at  3.7  eV  and  near  1.5  cV  3E.  The 
Mn  M2.3M45M45  Auger  peak  found  in  metallic 
Mn  [19]  and  in  MnP  [20]  is  not  detected  in  our 
spectra.  This  supports  the  assumption  that  the 
predominant  decay  channel  of  the  ('’P)  Mn  3p-3d 
core  excitation  is  by  autoionization  (direct  recom¬ 
bination)  rather  than  by  Auger  decay  [7]. 

A  difference  curve  (“on”  resonance  minus 
“off’  resonance)  for  2.2  ML  MnTe  is  presented 
in  fig.  4.  The  spectra  were  normalized  to  the 
monochromator  output  and  corrected  for  sec¬ 
ondary  electrons.  The  normalized  EDCs  taken  at 
off  resonance  (MnTe:  ftto  ■=  47.3  eV)  were  sub¬ 
tracted  from  the  EDCs  recorded  on  resonance 
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MnTe(6.1  ML)/CdTe(100) 
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Fig.  3.  Set  of  EDCs  of  6.1  ML  MnTe  on  CdTe(lOO)  in  the 
photon  energy  range  of  the  Mn  3p-3d  excitation.  Te-4d 
emission  excited  by  second  order  light  of  the  monochromator 
is  seen  in  the  upmost  spectrum  (42  eV)  at  the  valence  band 
maximum. 


(MnTe:  ho)  =  50.4  eV).  Due  to  the  nature  of  the 
Fano  resonance,  only  Mn-3d  electrons  contribute 
to  the  resonance  [7,18].  The  difference  curve  thus 
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Fig.  4.  Selected  Mn-3d  derived  photoelectron  spectrum  for  2.2 
ML  MnTe/CdTedOO)  (data  points)  The  fitted  curve  (lop 
solid  line)  contains  three  Gaussians  for  the  three  major  struc¬ 
tures  M.  S  and  V  (underlying  solid  curves). 


MnTe(2.2  ML)/CdTe(100) 


PHOTON  ENERGY  /  eV 

Fig.  5.  Constant  initial  state-like  spectra  of  S.  M  and  V 
emission  of  2.2  ML  MnTe/CdTedOO).  Data  pttints  were 
obtained  by  evaluating  the  area  underneath  the  Gaussian  fits 
to  the  three  structures.  The  solid  lines  are  Fano  profile  fits. 
The  corresponding  Fano  ^-parameters  are  inserted  in  the 
plot. 


represents  the  Mn-3d  derived  photoemission 
spectrum.  1  he  spectrum  itself  contains  the  partial 
density  of  Mn-3d  states  in  the  valence  region  and 
emission  from  the  p-d  charged  transferred  states 
as  well  as  Mn-.3d'’  satellite  emission.  In  accor¬ 
dance  to  the  configuration  interaction  model  [21] 
for  a  MnTeS'  cluster  [7]  the  three  structures  are 
related  to  emission  of  Mn-3d^  satellites  (S)  and 
Mn-3d'  L  (ligand  hole)  emission  resulting  from 
charge  transfer  (V  and  M).  All  three  structures 
consist  of  final  states  of  both  'T,  and  ‘'E  symme¬ 
try;  however,  M  contains  predominantly  “'E  sym¬ 
metry,  and  V  and  S  contain  predominantly  'T^ 
final  state  emission.  The  curve  features  have  been 
reproduced  in  Fig.  4  using  three  Gaussians  (solid 
lines). 

The  resonance  behavior  of  the  three  features 
S.  M  and  V  is  investigated  by  substracting  the 
“off ’-resonance  curve  from  all  other  spectra  after 
normalization.  The  area  of  the  curves  is  deter¬ 
mined  and  fitted  by  a  Fano  resonance  (Eq.  (D). 
The  fit  results  (solid  lines)  for  2.2  ML 
MnTe/CdTedOO)  are  presented  in  Fig.  5.  The 
corresponding  Fano  ^-parameters  of  the  individ¬ 
ual  curves  have  been  insc:  ed.  One  trend  ob¬ 
served  is  that  the  <7-parame:  ;r  of  V  is  lower  than 
that  of  the  other  structures  due  to  the  stronger 
contribution  from  p-d  charge  transfer  states  in  V 
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[7,11-14].  This  indicates  a  stronger  degree  of  p-d 
hybridization  and  delocalization  of  the  final  states 
involved.  The  values  agree  fairly  well  with  results 
from  bulk  ternary  Cd,  _  ,  Mn  ^Te  [6]. 

In  Fig.  6  the  difference  curves  (“on”  resonance 
minus  “off’  resonance)  of  several  MnTe  films  are 
plotted  versus  binding  energy.  The  relative  inten¬ 
sities  of  features  S  and  V  normalized  to  M  should 
reflect  the  degree  of  p-d  hybridization:  S/M 
should  decrease  and  V/M  should  increase  with 
stronger  p-d  hybridization.  The  relative  branch¬ 
ing  ratios  of  the  individual  curves  were  compiled 
by  fitting  the  spectra  to  three  Gaussians,  as  de¬ 
scribed  for  the  2.2  ML  film.  These  branching 
ratios  are  plotted  in  Fig.  7  as  a  function  of  MnTe 
coverage.  The  original  difference  curves  were  ob¬ 
tain  by  subtraction,  as  described  above,  after  the 
data  had  been  normalized  to  photon  flux  and  a 
secondary  background  had  been  subtracted. 
Other  methods  had  been  tested  (e.g.,  normalizing 
data  to  tot,.i  valence  band  emission  after  second- 
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Fig.  6.  Set  of  Mn-3d  derived  valence  band  photoemission 
spectra  (difference  spectrum:  normalized  "on  "  resonance 
EDC  minus  "off  resonance  EDO  for  six  different 
MnTe/CdTe(l(X))  heterostructures. 
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Fig.  7.  Plot  of  the  emission  ratio  (Gaussian  areas)  of  M.  S  and 
V  normalized  to  the  main  structure  M  as  a  function  of  MnTe 
coverage. 

aries  correction).  The  same  trend  (increase  of  the 
branching  ratios)  as  in  Fig.  7  was  always  found. 

An  interpretation  of  this  finding  cannot  follow 
the  p-d  hybridization  argumentation  [6-10]  be¬ 
cause  both  S/M  and  V/M  appear  to  increase 
with  MnTe  coverage.  Principally,  this  indicates  an 
increase  in  emission  of  •‘'T2  final  state  symmetry 
with  respect  to  'E  final  states  onsetting  near  6 
ML.  Below  6  ML  MnTe  coverage,  the  branching 
ratios  agree  with  values  obtained  from  bulk  sam¬ 
ples.  This  behavior  differs  significantly  from  the 
continuous  increase  of  the  branching  ratios  up  to 
bulk  values  found  in  MnSe/ZnSedOO)  [14].  The 
lattice  mismatch  of  the  two  systems  is  of  opposite 
sign:  J  ,(MnSe/ZnSe(IOO))  =  -1-4.5%  and 
Ag(MnTe/CdTe(l()0))  =  -4.0%.  This  will  give 
rise  to  different  strain  induced  effects  on  the 
charge  transfer  mechanisms  in  the  different  films. 
A  possible  explanation  for  the  step-like  variation 
is  an  initiating  phase  transition  from  ZB  to  NiAs 
structure  below  10  ML.  Previously,  the  transi¬ 
tion  has  been  reported  to  occur  near  12  ML 
under  similar  growth  conditions  in  the  MnTe/ 
CdTed  10)  system  [15]. 
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Abstract 

We  compare  the  transport  properties  of  two  semiconducting  systems  containing  rcst)nant  donors.  HgSc :  Fc  and 
PbTe :  Cr,  with  concentrations  of  dopants  corresponding  to  the  Fermi  level  being  stabilized  at  the  resonant  state.  It  is 
known  that  under  such  conditions,  at  a  low  temperature,  there  arises  a  .spatial  correlation  of  electric  charges 
localized  on  donor  centers.  The  occurrence  of  the  correlation  is  driven  by  the  intcr-donor  Coulomb  repulsive 
interaction.  In  the  case  of  HgSeiFe,  the  correlation  leads  to  a  sizable  enhancement  of  the  conduction  electron 
mobility.  In  the  case  of  PbTc;Cr,  high  values  of  the  dielectric  constant  limit  the  temperature  region  in  which  the 
correlation  is  expected  to  occur,  to  temperatures  below  approximately  K.  Therefore,  no  direct  observation  of  the 
mobility  enhancement  was  possible.  On  the  other  hand,  a  lack  of  a  strong  suppression  of  the  mobility  by  the 
resonant  scattering  mechanism  can  be  taken  as  an  indirect  indication  that  the  positions  of  charged  donor  centers  are 
correlated  to  such  an  extent  that  formation  of  the  Coulomb  gap  (due  to  intcr-donor  Coulomb  repulsive  interaction) 
causes  the  resonant  .scattering  to  be  very  inefficient. 


1.  Introduction 

There  are  several  cases  of  donor  impurity  states 
whose  energies  are  known  to  be  resonant  with 
the  conduction  band  states.  In  II-VI  semicon¬ 
ductors,  for  example  in  HgSe  and  related  materi¬ 
als  (Hg|_,Zn,Se,  Hg|_,Mn,Se,  HgS,Se,_,, 
etc.),  such  a  state  is  given  rise  to  by  an  iron 
substitutional  impurity  [1,2].  In  materials  contain¬ 
ing  resonant  donors,  the  position  of  the  Fermi 
level  can  be  stabilized  (or  trapped)  at  the  reso¬ 
nant  level  position  provided  that  the  concentra¬ 
tion  of  the  re.sonant  impurities  is  high  enough.  In 
such  a  situation,  only  part  of  the  Fe  donors  are 
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ionized  (and  therefore  charged);  thus  the  system 
of  donors  is  sometimes  referred  to  as  po.ssessing  a 
mixed  valence  character. 

Under  the  condition  of  the  Fermi  level  being 
pinned  to  the  resonant  donor  level,  one  may 
expect  that  the  conduction  electron  mobility 
would  be  additionally  reduced  because  of  the 
onset  of  an  additional  and  efficient  .scattering 
mechanism  -  the  resonant  scattering.  Contrary  to 
these  expectations,  some  of  the  HgSe ;  Fe  samples 
in  the  mixed  valence  regime  were  found  to  be 
characterized  by  surprisingly  high  values  of  the 
electron  mobility  [3.4],  As  suggested  by  Mycielski 
[5],  this  effect  is  to  be  associated  with  a  spatial 
correlation  of  impurity  charges,  which  can  arise 
at  low  temperatures  in  a  system  of  impurities 
incompletely  filled  with  electrons,  driven  by 
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inter-donor  Coulomb  repulsive  interactions.  This 
interpretation  (with  some  quantitative  modifica¬ 
tions)  is  now  widely  accepted  (see  refs.  [6-8]). 

Another  example  of  a  resonant  donor  state 
which  can  pin  the  Fermi  level  is  the  case  of  DX 
centers  in  GaAs  under  hydrostatic  pressure  [6]. 
Also  in  the  case  of  the  latter  material,  a  reduc¬ 
tion  of  the  scattering  rate  of  conduction  electrons 
by  charged  impurities  was  observed  and  at¬ 
tributed  to  spatial  correlations  within  the  systems 
of  the  scattering  centers. 

In  the  case  of  IV-Vl  semiconducting  com¬ 
pounds,  the  resonant  nature  of  impurity  states  is 
even  more  common  than  in  other  semiconductor 
systems.  There  are  several  well-evidenced  cases 
of  resonant  acceptors  as  well  as  re  •  onant  donors 
[9,10].  PbTe,  even  when  doped  wi'J.  nonresonant 
impurities,  often  displays  high  values  of  elec¬ 
tronic  mobility  at  low  temperatures  (since  charged 
impurity  scattering  is  strongly  suppressed  due  to 
very  high  values  of  the  dielectric  constant  in  this 
material  [11]).  It  is  interesting  to  see  if  it  is 
possible  to  combine  this  feature  with  mobility 
enhancement  related  to  the  spatial  correlation 
mechanism. 


2.  Experimental  procedure 

We  have  prepared  PbTe  samples,  doped  with 
chromium,  by  the  Bridgman  method  and  investi¬ 
gated  Hall  effect  and  resistivity  at  temperatures 
ranging  from  3.5  to  300  K.  We  studied  both 
as-grown  and  annealed  samples.  Doping  with  Cr 
leads  at  first  to  an  increase  of  the  electron  con¬ 
centration  in  the  conduction  band  (see  Fig.  1).  At 
very  small  concentrations  of  Cr,  the  as-grown 
samples  turn  out  to  be  p-type;  it  is  possible  to 
convert  them  into  n-type  by  isothermal  annealing 
process  in  Pb  vapor,  which  reduces  the  number  of 
Pb  vacancies  that  act  as  compensating  acceptors. 
For  concentrations  of  Cr  ions  introduced  into  the 
crystals  that  exceed  approximately  1.3  x  10 
cm  '  (which  corresponds  to  molar  fraction  x*  = 
0.0009),  a  saturation  of  the  n  versus  x  curve  is 
observed.  This  is  evidence  of  the  Fermi  level 
pinning.  Annealing  of  the  samples  with  x>x* 
does  not  lead  to  any  changes  of  the  crmduction 


N|  (lo'^  cm'*) 


Fig.  I.  Conduction  electron  concentration  in  PbTe  doped  with 
Cr  as  a  function  of  Cr  molar  fraction  for  two  temperatures. 
The  lines  are  only  a  guide  to  the  eye. 


electron  concentrations.  It  shifts,  however,  the 
Fermi  level  across  the  resonant  impurity  density 
of  states.  Also,  it  improves  greatly  the  mobility. 
The  increase  of  the  mobility  upon  annealing  is 
sometimes  by  a  factor  of  about  4  (see  Fig.  3). 
From  the  value  of  the  conduction  electron  con¬ 
centration  at  the  saturation,  it  is  possible  to  esti¬ 
mate  the  value  of  the  energy  of  the  resonant  Cr 
state  that  equals  100  or  70  meV  (see  ref.  [12]  for 
more  details),  depending  on  the  band  structure 
parameters  of  PbTe  used  in  the  calculation.  Be¬ 
low  X*  all  Cr  ions  are  ionized  and  possess  Cr"^' 
configuration,  while  in  the  saturation  region  part 
of  them  exist  in  a  neutral  (with  respect  to  the 
host  lattice)  Cr^’  state.  This  is  in  agreement  with 
magnetic  susceptibility  [13]  and  EPR  [14]  mea¬ 
surements  carried  out  on  this  compound. 

The  conduction  electron  concentration  dis¬ 
plays  an  interesting  temperature  dependence.  Fig. 
2  shows  an  example  of  n  versus  T  curves  for 
samples  from  various  regions  of  Cr  contents.  In 
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the  X  =  0.009  sample  (with  the  Fermi  level 
trapped  by  the  resonant  Cr  state),  a  decrease  of  n 
with  an  increase  in  T  is  mostly  related  to  a 
downward  temperature  shift  of  the  impurity  level. 
In  the  sample  with  x  =  0.00042,  all  Cr  ions  are  in 
Cr’^’  state.  After  an  initial  slight  increase  of  n 
with  T  (attributed  to  the  presence  of  the  defect 
states  in  the  gap),  a  decrease  of  the  concentration 
with  temperature  is  observed.  This  is  due  to 
trapping  of  thermally  excited  electrons  by  the 
large  density  of  available  Cr  resonant  states.  The 
sample  with  the  smallest  number  of  Cr  ions, 
shown  in  Fig.  2,  displays  a  dependence  that  is 
typical  for  PbTe  crystals  [15].  The  trends  in  n 
versus  T  dependence  resemble  those  seen  earlier 
in  HgSe :  Fe  in  various  regimes  of  iron  doping  [3]. 

The  mobility  of  our  PbTe:Cr  samples  (espe¬ 
cially  after  annealing)  shows  very  high  values 
characteristic  of  PbTe  crystals,  where  the  dielec¬ 
tric  constant  (e  *  1300,  see  ref.  [16])  screens  out 
the  charged  impurity  Coulomb  potentials  that 
normally  limit  the  mobility  in  semiconductors  at 
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Fig.  2.  Conduction  electron  concentration  as  a  function  of 
temperature  in  three  PbTe  samples  with  different  Cr  con¬ 
tents. 
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Fig.  .3.  Electron  mobility  in  PbTe;Cr  measured  at  .3..5  K.  The 
lines  show  the  mobility  displayed  by  best  PbTe  samples  doped 
with  nonresonani  donors  taken  from  refs.  [11.17). 


low  temperatures.  The  highest  mobility  value  ob¬ 
served  in  our  samples  was  2  X  10^  cm’/V  •  s.  This 
was  seen  in  the  sample  which  was  only  very 
slightly  doped  with  Cr-cf.  Fig.  3.  Samples  in  the 
mixed  valence  regime  (i.e.,  with  concentrations  of 
Cr  greater  than  1.3  X  10''*  cm’’)  have  lower  mo¬ 
bilities;  however,  they  correspond  to  the  best 
mobilities  observed  in  the  heavily  doped  PbTe 
[17]  -  see  Fig.  3.  The  good  mobility  of  a  heavily 
doped  PbTe :  Cr  material  is  also  evident  from  the 
magnetotransport  studies  by  Akimov  and  co¬ 
workers  [10],  where  the  Shubnikov-De  Haas  os¬ 
cillations  were  characterized  by  small  Dingle  tem¬ 
peratures. 


3.  Analysis 

Having  in  mind  the  high  value  of  the  dielectric 
constant  of  PbTe,  we  could  expect  the  mobility 
enhancement  to  become  vi.sible  only  in  the  lowest 
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Fig.  4.  Electron  mobility  as  a  function  of  inverse  temperature 
in  three  PbTe:Cr  samples.  Broken  lines  show  the  mobility 
measured  in  PbTe  doped  with  nonresonant  donors  by  Allgeier 
and  Scanlon  [17J  in  samples  with:  (a)  n  =  3.3 x  10'"  cm“  '  and 
(b)  n  =  9.48X10'"  cm ■ 


temperature  studied  by  us.  An  estimate  of  the 
characteristic  temperature  of  the  onset  of  the 
correlation  within  the  short  range  correlation 
model  [6,7]  gives  T*  =  EJk^  =  3.5  K,  where 
is  the  energy  gain  (per  charged  impurity)  due  to 
the  spatial  correlation  of  impurity  charges.  For 
comparison,  the  value  of  7"  *  in  HgSe ;  Fe  is  about 
70  K.  In  the  latter  system  the  enhanced  values  of 
the  mobility  are  clearly  observable  at  tempera¬ 
tures  as  high  as  27*.  In  the  present  case  of 
PbTe :  Cr,  it  is  impossible  to  find  unambiguously 
any  characteristic  features  of  the  enhanced  mobil¬ 
ity  (e.g.,  strong  temperature  variation  of  the  mo¬ 
bility  in  the  region  where  the  correlation  forms, 
i.e.,  below  ~  27*)  down  to  the  lowest  tempera¬ 
tures  studied.  This  is  clearly  seen  in  Fig.  4,  where 
the  weak  temperature  dependence  of  the  mobil¬ 
ity  observed  in  our  samples,  in  the  lowest  temper¬ 
ature  region,  is  similar  to  that  seen  in  PbTe 
samples  containing  the  same  concentration  of 


conduction  electrons  due  to  nonresonant  dopants. 
Obviously,  to  completely  exclude  the  possibility  of 
existence  of  mobility  enhancement  in  PbTe :  Cr, 
our  investigation  needs  to  be  extended  to  even 
lower  temperatures,  i.e.,  well  below  7*. 

On  the  other  hand,  the  high  values  of  the 
mobility  in  our  samples  from  the  mixed  valence 
regime  indicate  also  that  there  is  little  (if  any) 
contribution  from  the  resonant  scattering.  This 
scattering  was  reported  to  be  observable  in  the 
case  of  other  resonant  acceptors  in  PbTe  [18]. 
The  relaxation  time  for  this  scattering  mechanism 
can  be  expressed  by  (assuming  that  there  is  only 
one  characteristic  energy  of  the  resonant  donor 
state  e|) 


1  = 


(1) 


where  stands  for  the  density  of  states  in  the 
conduction  band  and 


r 

2n  + 


(2) 


is  the  resonant  impurity  density  of  states,  Aj  is 
the  total  concentration  of  the  impurities,  7  is  the 
width  of  the  resonant  level  due  to  hybridization 
(not  to  be  confused  with  the  spread  of  the  impu¬ 
rity  energy  values  due  to  the  spatial  Coulomb 
potential  fluctuations).  For  strong  degeneracy  of 
the  electron  gas  one  has  to  calculate  the  above 
expression  for  the  relaxation  time  at  the  Fermi 
level  Cp.  We  estimated  the  mobility  limited  by  the 
resonant  scattering  (a.ssuming  for  simplicity  a 
spherical  and  parabolic  conduction  band)  taking 
7  =  1  /i,eV,  the  value  consistent  with  extremely 
narrow  line  width  of  the  EPR  signal  [14].  The 
position  of  the  Fermi  energy  within  the  broad¬ 
ened  density  of  impurity  states  was  estimated 
from  the  ratio,  known  for  each  sample,  of  the  Cr 
impurity  centers  filled  with  electrons  to  the  total 
number  of  Cr  impurity  centers: 
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The  resulting  value  of  the  mobility  for,  e.g.,  the 
sample  with  A^j  =  1  x  10^“  cm“^  (and  having  n  = 
1.3  X  10'’  cm'-’  electrons  in  the  conduction  band) 
turns  out  to  be  /a,  =  126  cm’/V  •  s.  This  value  is 
completely  incompatible  with  the  high  mobility 
values  experimentally  observed  in  this  sample. 
We  suggest,  therefore,  that  -  similarly  to  the  case 
of  HgSe;Fe  -  there  is  a  mechanism  that  very 
efficiently  suppresses  the  resonant  scattering.  The 
formation  of  the  Coulomb  gap  in  the  impurity 
density  of  states  in  the  situation  of  incomplete 
filling  of  these  states  by  electrons  [19]  can  provide 
such  a  mechanism.  When  the  inter-donor 
Coulomb  interactions  are  taken  into  account,  the 
impurity  system  cannot  be  characterized  by  a 
single  value  of  the  energy  Cj.  One  has  to  intro¬ 
duce  a  distribution  of  this  energy  p(«j)  and  inte¬ 
grate  Eq.  (1)  with  this  distribution  over  possible 
energies  €j.  The  formation  of  the  Coulomb  gap 
means  the  appearance  of  a  strong  depletion  in 
this  distribution  at  exactly  the  Fermi  level.  This, 
in  turn,  reduces  the  value  of  the  resonant  scatter¬ 
ing. 

Let  us  stress  that  the  existence  of  the  Coulomb 
gap  is  just  another  manifestation  of  a  spatial 
correlation  that  exists  in  the  impurity  center  sys¬ 
tem,  due  to  inter-donor  Coulomb  interactions, 
since  there  is  a  one-to-one  correspondence  be¬ 
tween  the  spatial  arrangement  of  the  charged 
impurities  and  the  energetics  of  such  a  system. 


4.  Conclusions 

Our  study  of  PbTe  doped  with  resonant  Cr 
donors  does  not  reveal  any  enhancement  of  the 
mobility  due  to  the  spatial  correlation  of  impurity 
charges  down  to  temperatures  as  low  as  3.5  K. 
This  is  in  contrast  to  the  case  of  HgSe  doped  with 
resonant  Fe  donors.  However,  the  spatial  correla¬ 
tion  in  PbTe :  Cr  can  not  be  entirely  excluded 
since  the  mobility  observed  in  the  samples  stud¬ 
ied  is  relatively  high  without  any  observable  influ¬ 
ence  of  the  resonant  scattering.  We  associate  this 
with  the  formation  of  the  Coulomb  gap  in  the 
impurity  one-electron  density  of  states. 
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Abstract 

Wc  have  measured  the  thermo.!ynamic  properties  of  In-V^j,  pairs  in  the  infrared  material  Hguv^jCd,,  ,|Tc  by 
using  the  method  of  perturbed  angular  correlation  (PAC).  PAC  allows  the  determination  of  the  absolute  fraction  of 
indium  atoms  in  particular  defects.  Previous  measurements  have  characterized  the  In-V  pairs  with  hyperfine 
interaction  frequencies  of  and  92  MHz.  These  defects  were  observed  in  materials  which  were  quenched  from 
>  3.‘>0'’C  to  retain  a  large  number  of  metal  vacancies.  After  subsequent  low  temperature  (60  <  7.^  <  1 10°C)  anneals, 
the  frtiction  of  indium  atoms  that  had  trapped  vacancies  increased  because  of  the  migration  of  metal  vacancies.  By 
measuring  the  rate  of  increase  at  different  temperatures,  we  determined  the  vacancy  migration  energy  to  be 

-  0.45  ±  0,04  eV,  Anneals  at  slightly  higher  temperatures  dis.soeiated  the  In-V  pairs.  From  the  decrease  in  the 
In-V  pair  fraction  with  temperature,  the  In-V  pair  binding  energy  was  found  to  be  =  0,44  ±  0.15  eV. 


I.  Introduction 

The  compound  semiconductor  alloy  Hg,  , 
Cd,Tc  has  been  used  for  many  years  in  the 
production  of  infrared  photoditxles  and  ftKal 
plane  arrays.  The  narrow  energy  gap  of  the  .v  = 
0.21  and  x  =  0.3  materials  makes  them  u.seful  for 
the  9  and  5  /um  atmospheric  windows  of  interest 
for  many  applications.  However,  the  weakness  of 
the  Hg-Te  bond  makes  the  material  particularly 
susceptible  to  mercury  vacancy  defects.  These 
vacancies  act  as  acceptors  and  arc  present  in  all 
as-grown  Hg,  ,Cd,Te;  therefore,  it  is  important 
to  understand  their  interaction  with  other 
dopants. 

The  interaction  of  vacancies  with  dopants  has 
not  been  well  examined.  The  most  common  type 
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of  donor  dopant  in  Hg,  ,Cd,Tc  is  indium.  Since 
indium  has  a  valence  of  -1-3.  it  acts  as  a  donor 
when  substituting  for  metal  atoms.  However,  in 
many  cases  the  amount  of  indium  present  c.\- 
cecds  the  conduction  electron  concentration  of 
Hg|.,Cd,Tc.  Two  mechanisms  have  been  pro¬ 
posed  for  this  compensation  of  indium.  Indium 
may  form  ln,Te,  [1,2],  or  indium  could  directly 
pair  with  compensating  vacancies  [3-5], 

We  have  recently  published  results  using  the 
technique  of  perturbed  angular  correlation  which 
show  that  indium  does  in  fact  pair  with  vacancies 
[6],  When  there  is  an  exceptionally  large  number 
of  vacancies  present,  such  as  in  samples  quenched 
to  room  temperature  from  above  .350°C,  In-V 
pairs  were  observed  to  be  stable  at  rewm  temper¬ 
ature.  These  In-V  pairs  were  identified  by  the 
observation  of  two  hyperfine  interaction  frequen¬ 
cies,  83  and  92  MHz.  The  fraction  of  indium 
atoms  participating  in  these  In-V  pairs  increa.sed 
during  subsequent  annealing  in  the  60  to  1 10°C 
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range.  This  fraction  likewise  increased  with  in¬ 
creasing  quenching  temperatures  above  SSO^C. 
The  pairs  were  removed  by  annealing  at  tempera¬ 
tures  between  110  and  350°C.  By  understanding 
the  annealing  processes  which  govern  these  be¬ 
haviors,  we  may  determine  the  migration  energy 
of  vacancies  and  the  binding  energy  of  the  In-V 
pairs. 


2.  Experimental  method 

The  method  used  in  this  research  is  that  of 
perturbed  angular  correlation  (PAC).  PAC  essen¬ 
tially  measures  the  precession  of  nuclear  spins  in 
an  electric  field  gradient  (EFG).  This  precession 
is  measured  by  observing  the  angular  distribution 
between  consecutive  gamma  rays  emitted  from 
the  probe  nucleus.  In  this  study,  the  probe  "'In 
was  used.  This  isotope  decays  by  electron  capture 
to  an  excited  state  of  ‘"Cd.  This  in  turn  decays 
by  emission  of  two  gamma  rays.  The  first  of  these 
decays  populates  an  /  =  5/2  state.  This  state  may 
interact  with  local  EFGs,  perturbing  the  angular 
distribution  of  the  second  radiation  which  takes 
the  nucleus  to  its  final,  stable  state. 

Typically,  the  angular  correlation  between  the 
two  gamma  rays  is  measured  using  four  Nal  de¬ 
tectors  at  right  angles.  Spectra  of  counts  versus 
time  for  detection  of  the  first  gamma  at  a  particu¬ 
lar  detector  and  the  second  at  another  detector 
are  measured  using  a  standard  slow-fast  coinci¬ 
dence  technique.  Eight  such  spectra  are  mea¬ 
sured  for  four  combinations  of  detectors  at  180° 
to  each  other  and  four  combinations  at  90°.  These 
spectra  are  then  divided  in  an  appropriate  ratio 
to  give  what  is  known  as  R(t).  This  RU)  spec¬ 
trum  can  be  thought  of  as  the  time  dependence 
of  the  angular  anisotropy  between  the  two  radia¬ 
tions.  If  a  number  of  the  indium  probe  nuclei  are 
in  sites  where  they  experience  definite  non-zero 
EFGs,  the  R(t)  will  show  a  regular  modulation 
corresponding  to  the  precession  of  the  nuclear 
spins.  The  frequency  of  this  modulation  is  di¬ 
rectly  proportional  to  the  strength  of  the  EFG 
and  can  be  used  to  label  particular  defect  sites. 
Since  the  EFG  is  proportional  to  \  this  is  most 
sensitive  to  neighboring  point  defects  such  as 


vacancies  within  a  few  lattice  spacings.  In  addi¬ 
tion,  the  hyperfine  splitting  of  the  /  =  5/2  state 
causes  the  presence  of  three  frequencies  in  the 
R(t)  spectrum.  The  relative  amplitudes  and  posi¬ 
tions  of  these  frequencies  can  be  used  to  deter¬ 
mine  the  asymmetry  of  the  EFG  and  provide 
more  detail  on  the  structure  of  the  defect.  Fi¬ 
nally,  since  the  unperturbed  anisotropy  of  the 
radiations  from  the  "'Cd  nucleus  is  known,  the 
absolute  fraction  of  indium  atoms  in  defect  sites 
may  be  measured  by  fitting  the  R(t)  spectrum  to 
a  formula  derived  from  theory.  For  a  more  de¬ 
tailed  explanation  of  the  PAC  technique,  the 
reader  is  encouraged  to  consult  review  articles  in 
the  literature  [7,  8]. 

In  this  work,  we  have  used  undoped,  bulk 
samples  of  Hg|,7yCd|,  ,,Te  supplied  by  Texas  In¬ 
struments.  These  samples  were  grown  by  solid 
state  recrystallization.  The  samples  were  cleaned 
by  dipping  in  0.5%  bromine/methanol  solution 
and  rinsing  with  methanol  and  sealed  in  cleaned 
quartz  ampoules  at  a  pressure  <  10"'  Torr  with 
a  small  amount  (=  10'-  molecules)  of  '"InCl,. 
The  sealed  ampoules  were  then  annealed  in  a 
tube  furnace  at  350°C  for  6  h  or  more  to  diffuse 
the  indium  into  the  sample  to  depths  of  several 
microns.  PAC  spectra  were  taken  at  room  tem¬ 
perature  with  the  samples  sealed  in  the  ampoules 
to  avoid  any  exposure  to  air.  All  subsequent 
anneals  were  also  performed  in  these  ampoules. 


3.  Annealing  experiments 

3.1.  Vacancy  migration 

It  was  observed  that  the  fraction  of  indium 
atoms  participating  in  In-V  complexes  was  in¬ 
creased  by  annealing  at  temperatures  near  100°C. 
This  increase  was  attributed  to  the  migration  of 
frozen  in  vacancies  and  their  subsequent  trapping 
at  indium  atoms.  That  is,  there  is  enough  thermal 
energy  for  the  free  vacancies  to  become  mobile, 
but  not  enough  to  separate  trapped  vacancies 
from  the  indium  donors  to  which  they  are  bound. 
Therefore,  if  a  vacancy  comes  close  to  an  indium 
atom  before  being  trapped  elsewhere  or  de¬ 
stroyed,  it  will  be  trapped  and  remain  there.  A 
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vacancy  can  also  be  created  or  annihilated  at 
sinks  such  as  dislocations  or  surfaces.  These  pro¬ 
cesses  can  be  described  by  the  following  reactions 
(where  C  represents  the  In-V  complex): 

V+In«C,  (1) 

V  «-*  sinks.  (2) 

The  first  of  these,  Eq.  (1),  represents  the  cre¬ 
ation/annihilation  of  In-V  pairs.  The  second, 
Eq.  (2),  represents  the  destruction /creation  of 
vacancies  at  extended  defects  or  surfaces.  The 
rate  constants,  K^,  and  K^,  have  an 

exponential  dependence  on  T”': 


equation  is  also  easily  solved: 


d[C]/dt  =  ^f,[In][V„]e-'^'',  (7) 


/[In.„.] -[C(r)] 
\  lln,o,]  -  [C(0)] 


(q-e 


(8) 


Since  the  fraction  obtained  by  PAC  is  the  ratio  of 
In-V  concentration  to  the  total  indium  concen¬ 
tration, 

/=[C]/[In,„,],  (9) 

then  we  can  solve  Eq.  (8)  for  this  fraction  as  a 
function  of  time: 

/(0  =  1- [1-/(0)] 


K„=K„,  cxp( -E„/kT), 

where  E„  is  the  activation  energy  of  the  process. 

Using  these  reactions,  we  may  state  the  rate 
equations: 

d[C]/dt  =  K,[\n][y/]-K,[C],  (3) 

d[V]/d/  =  -/f,[In][V]  +  KAC]  -  Ky[V]  +  K„ 

(4) 

where  the  square  brackets  represent  the  site  frac¬ 
tion  of  the  particular  defect  or  atom.  Near  100°C 
it  is  obvious  from  the  experimental  data  that  the 
reaction  in  Eq.  (1)  proceeds  in  a  forward  direc¬ 
tion.  This  means  that  the  rate  equation  for  this 
reaction,  Eq.  (3),  can  be  approximated  by 

d[C]/dt  =  /C,[In][V].  (5) 

We  can  further  simplify  the  problem  by  realizing 
that  the  number  of  indium  atoms  is  much  smaller 
than  the  number  of  vacancies.  Therefore,  the 
dominant  mechanism  for  the  destruction  of  va¬ 
cancies  is  trapping  at  other  sinks  and  not  at 
indium  atoms.  Furthermore,  the  concentration  of 
vacancies  is  much  greater  than  the  equilibrium 
concentration,  so  that  the  destruction/creation 
reaction  may  be  assumed  to  proceed  entirely  in 
the  direction  of  vacancy  destruction.  Based  on 
these  assumptions,  we  may  simplify  Eq.  (4): 

d[V]/dr=-/f3[V].  (6) 

This  equation  is  easily  solved  for  [V].  When  the 
solution  for  [V]  is  substituted  into  Eq.  (3),  that 


Xexp 


(1  -e-'^V) 


(10) 


To  measure  the  time-dependence  of  the  In-V 
fraction,  a  series  of  isothermal  annealing  experi¬ 
ments  were  performed  by  annealing  samples  of 
Hgn,79Cd,)2|Te  for  various  lengths  of  time  at  tem¬ 
peratures  between  60  and  110°C  after  the  sam¬ 
ples  had  been  quenched  from  350°C.  Between 
each  anneal,  PAC  spectra  were  taken  to  deter¬ 
mine  the  In-V  fraction  (Fig.  1).  These  fractions 
were  then  plotted  versus  time  as  shown  in  Fig.  2. 
The  data  in  Fig.  2  were  then  fitted  using  Eq.  (10) 
to  determine  the  values  of  as  a  function  of 
temperature.  Note  that  K^/Ky  should  be  inde¬ 
pendent  of  T  since  both  processes  involve  the 
thermally  activated  migration  of  vacancies.  From 
an  Arrhenius  plot  of  versus  T~ '  (Fig.  3),  the 
energy  of  the  process  was  determined.  The  pro¬ 
cess  described  by  K,  is  the  migration  of  vacancies 
to  indium  traps,  and  therefore  this  energy  is 
simply  the  migration  energy  of  metal  vacancies. 
This  migration  energy  was  determined  by  this 
method  to  be  0.45  ±  0.04  eV. 


3.2.  In-V pair  binding 

In  a  similar  manner,  the  binding  energy  of  the 
In-V  pair  could  be  determined.  A  simple  analysis 
based  on  the  law  of  mass  action  is  not  possible 
since  the  vacancy  concentration  depends  on  tem¬ 
perature.  Therefore,  we  determined  this  binding 
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Fig.  1,  PAC  spectrum  for  '"In-doped  Hgo 7,Cdo 2iTe.  The 
modulation  is  due  to  In-V  complexes  which  are  identified  by 
two  frequencies:  83  and  92  MHz:  (a)  room  temperature  spec¬ 
trum  of  a  sample  quenched  from  350°C  (b)  increase  in  the 
amplitude  of  the  frequencies  after  the  sample  is  annealed  at 
85°C  for  8  h. 


energy  by  observing  the  break-up  of  the  In-V 
pairs  during  annealing  above  100°C.  The  PAC 
spectra  were  taken  at  room  temperature  as  usual. 

The  In-V  concentration  in  quenched  samples 
is  higher  than  equilibrium  because  of  the  excess 
of  vacancies  frozen  in.  As  seen  above,  these  va¬ 
cancies  can  be  trapped  in  In-V  pairs  which  are 
stable  at  room  temperature.  However,  at  temper¬ 
atures  slightly  higher  than  room  temperature 
these  complexes  are  no  longer  stable.  When  the 
complexes  break  apart,  the  vacancies  are  likely  to 
migrate  to  sinks  until  the  equilibrium  concentra¬ 
tion  of  vacancies  is  reached.  In  this  temperature 
range,  the  leaction  in  Eq.  (1)  runs  right  to  left 


Fig.  2.  Typical  annealing  curves  showing  the  formation  of 
In-V  complexes.  Shown  are  the  fractions  of  indium  atoms 
paired  with  vacancies  as  a  function  of  annealing  time  for 
anneals  at  68  and  85^.  The  dashed  lines  represent  least 
squares  Fits  of  each  set  of  data  to  Eq.  (10). 

and  the  corresponding  rate  equation,  Eq.  (3),  may 
by  simplified  to 

dIC]/df= (11) 

which  is  easily  solved  for  [C]  and  therefore  for  /: 

/(f)=/(0)e-'^-’'.  (12) 

To  measure  a  sample  of  Hgo  .79Cdo2\Te 
was  annealed  at  350°C,  quenched,  and  annealed 


0.0026  0.0027  0.0028  0.0029  0.003 

l/T(K‘') 

Fig.  3.  Arrhenius  plot  of  the  logarithm  of  the  reaction  rate 
constant  Kj  versus  T*'. 
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Annealing  Tempera(ure  (*C) 


Fig.  4.  In-V  fraction  versus  annealing  temperature  in  the 
range  of  temperatures  where  In-V  pair  dissociation  domi¬ 
nates. 


at  100°C  for  12  h  in  order  to  create  a  large 
number  of  In-V  pairs.  Then  the  sample  was 
isochronally  annealed  at  temperatures  between 
100  and  2()0°C  with  PAC  spectra  taken  between 
each  anneal.  The  results  of  these  spectra  are 
plotted  in  Fig.  4.  This  temperature  dependence 
may  be  modeled  using  Eq.  (12): 

/(r)=/(0)exp[-/C2„e-^-V*^,^],  (13) 

where  is  the  annealing  time  (2  h).  The  fit  of 
the  data  using  this  equation  is  shown  by  the 
dotted  line  in  Fig.  3.  The  value  of  Ej  determined 
from  this  fit  is  0.89  eV.  This  energy  represents 
not  only  the  energy  needed  to  liberate  the  va¬ 
cancy  from  the  indium,  but  also  the  energy  needed 
for  the  vacancy  to  move  away  from  the  indium. 
Therefore,  the  energy  is  the  sum  of  the  vacancy 
migration  and  In-V  binding.  Using  the  migration 
energy  determined  above,  the  In-V  binding  en¬ 
ergy  is  found  to  be  =  £2  “  0  ±  0-15 

eV.  The  only  previous  measurement  of  this  en¬ 
ergy,  0.34  eV,  was  published  by  a  group  in 
Leningrad  (St.  Petersburg)  in  1979  [9]. 


4.  Conclusions 

The  measurements  of  the  thermodynamic 
properties  of  defect  complexes  such  as  the  In-V 


pair  studied  here  serve  several  purposes.  They 
help  to  define  parameters  which  can  be  used  for 
comparison  with  theoretical  models.  They  may 
also  help  to  understand  the  diffusion  properties 
of  certain  defects.  Finally  they  may  help  us  dis¬ 
cover  mechanisms  of  compensation  of  dopants  in 
materials  used  for  devices. 

The  first  quantity  measured  here,  the  vacancy 
migration  energy,  is  closely  related  to  the  self-dif¬ 
fusion  of  mercury  atoms  in  Hg„2gCd„2iTe.  This 
has  been  observed  several  times  to  be  a  two-com- 
{jonent  diffusion  process  [10,  11].  However,  all 
previous  measurements  were  performed  at  higher 
temperatures  than  those  in  the  current  study. 
The  lowest  temperature  measurements  reported 
energies  of  0.15  and  0.35  eV.  The  other  studies 
report  energies  over  a  wide  range  from  0.3  to  0.61 
eV.  Also  reported  are  higher  energy  processes 
with  energies  between  1.5  and  2.4  eV.  If  we 
assume  that  these  higher  energies  are  related  to 
other  diffusion  mechanisms,  then  the  value  re¬ 
ported  here,  0.35  eV,  falls  within  the  range  of 
0.15  to  0.61  eV  of  the  other  measurements. 

The  second  energy,  the  In-V  pair  binding 
energy,  has  only  been  reported  once  [9].  Though 
it  is  not  clear  how  the  result  was  obtained,  it  was 
reported  that  this  binding  energy  was  0.34  eV. 
This  is  slightly  less  than  the  migration  energy  of 
0.44  eV  which  we  report  here. 

We  have  shown  that  PAC  niay  be  used  as  a 
technique  to  characterize  the  thermodynamics  of 
In-V  interactions  in  Hg„7„Cd,i2,Te  and  some 
properties  of  the  vacancies  alone.  This  characteri¬ 
zation  includes  the  migration  energy  of  vacancies 
as  well  as  the  In-V  pair  binding  energy.  We  note 
that  these  measurements  are  done  using  an  ex¬ 
tremely  small  concentration  of  indium  (so  that  we 
are  working  in  the  infinite  dilution  approxima¬ 
tion),  and  furthermore,  that  the  analysis  is  inde¬ 
pendent  of  the  indium  concentration  in  contrast 
to  analysis  by  other  methods. 
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Abstract 

Electroluminescence  has  been  measurtd  for  ZnS|_;j.Se^  thin  films  doped  with  rare-earth  ions.  As  X  increases 
the  band-gap  energy  of  the  host  decreases.  The  emission  levels  of  trivaicnt  rarc-narlh  ions  arc  not  observed  when  the 
band-gap  energy  is  narrower  than  the  excitation  levels.  This  is  because  of  the  energy  transfer  between  the  host  and 
the  emission  center. 


1.  Introduction 

Thin-film  electroluminescent  (EL)  devices  have 
been  actively  investigated.  In  these  devices,  II-VI 
compounds  are  generally  used  as  the  host  mate¬ 
rial.  Although  many  experiments  have  been  per¬ 
formed,  the  excitation  mechanism  of  the  emission 
center  is  not  yet  clear  at  present.  In  a  previous 
study,  we  examined  the  excitation  process  by 
measuring  the  transient  behavior  of  host  and 
Tb’*  emission  for  ZnSiTbF;^.  EL  device  [1]  and 
using  rare-earth-doped  Zn,,;^.Cd;^S  EL  devices 
[2],  and  reported  that  energy  transfer  participates 
in  the  excitation  of  thin-film  EL  devices.  This 
work  is  an  extended  study  of  the  excitation  pro¬ 
cess.  The  EL  behavior  was  measured  for 
ZnS|_;j^Se;^-  thin-film  EL  devices  with  various 
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band-gap  energies  (£g).  Based  on  these  experi¬ 
ments,  we  discuss  the  energy  transfer  process  in 
the  EL  devices. 


2.  Experimental  procedure 

2, 1,  Sample  preparation 

Conventional  double-insulating  EL  devices 
were  used  in  this  experiment.  The  devices  were 
fabricated  on  glass  substrates  (Asahi  Glass:  AN) 
coated  with  indium  tin  oxide  (ITO).  As  an  emis¬ 
sion  layer,  Tb’*-  or  Tm’^-doped  ZnS,_;^  SeY  (0 
^  JT  g  1 )  thin  films  (550  nm  thick)  were  prepared 
by  electron-beam  evaporation  at  a  substrate  tem¬ 
perature  of  150°C,  with  subsequent  annealing  at 
400‘’C  for  1  h  in  vacuum.  As  the  evaporation 
source  for  the  emitting  layer,  ZnS  and  ZnSe 
powders  were  mixed  with  TbOF  or  TmOF  pow- 
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der,  pressed  into  pellets  and  sequentially  fired  for 
1  h  at  10(X)°C  in  Ar  atmosphere.  As  the  starting 
materials  for  TbOF  and  TmOF  powder,  oxide 
and  fluoride  compounds  were  mixed  and  baked 
at  1200°C  for  2  h  in  Ar  atmosphere  to  undergo 
the  reactions  below: 

4  TbFj  +  2  Tb^O^  ^  12  TbOF  +  Oj, 

TmF,  +  TmiO,  -»  3  TmOF. 

The  concentrations  of  TbOF  and  TmOF  were 
0.45  and  !  mol%,  respectively,  in  the  starting 
materials.  In  this  paper,  the  value  of  X,  which 
indicates  the  composition  of  the  ZnS,  _;j-Se  y-  host, 
is  described  as  the  atomic  ratio  between  S  and  Se 
in  the  starting  materials.  The  emission  layer  was 
sandwiched  between  450  nm  thick  Y,0,  insulat¬ 
ing  layers.  An  aluminum  electrode  was  placed  on 
a  second  insulating  layer  to  complete  the  EL 
device.  ZnS|_  Y  Se  Y.  films  were  also  directly  de¬ 
posited  on  the  quartz  glass  substrates  as  samples 


Fig.  1.  Inlerplanar  spacing  iilA)  as  a  function  of  host  composi¬ 
tion  for  ZnS,  y  thin  films. 

for  the  measurement  of  the  X-ray  diffraction 
pattern,  photoabsorption  spectra  and  PL,  in  or¬ 
der  to  avoid  confusing  signals  from  other  films  in 
the  device. 


Energy  Levels 


Fig.  2.  X  value  dependence  of  the  band-gap  energy  (£,)  for  ZnS,  thin-films.  The  energy  levels  of  Tb'  *  and  Tm’  ‘  ion  are 

also  shown.  The  photoabsorption  spectrum  of  the  ZnSn.SenK  film  is  shown  in  the  inset. 


Energy  (eV) 
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2.2.  Measurement  system 

For  the  measurement  of  the  photoabsorption 
spectra,  the  samples  were  irradiated  by  light  from 
a  300  W  Xe  lamp  combined  with  a  monochroma¬ 
tor,  The  transmitted  light  was  detected  by  a  ther¬ 
mopile.  The  output  of  the  thermopile  was  fed  to 
a  lock-in  amplifier  and  the  data  were  calibrated 
with  the  intensity  of  the  irradiated  light  sensitivity 
and  with  the  transmissivity  of  the  quartz  glass 
substrate. 

The  emission  spectra  were  taken  by  a  system 
comprising  a  photomultiplier  (Hamamatsu  Pho¬ 
tonics  R-928),  monochromator  (Jobin-Yvon  H-20 
visible)  with  a  resolution  of  1  nm,  electrometer 
(Advantest  TR8651)  and  X-Y  recorder.  The 
spectral  sensitivity  of  the  detection  system  and 
transmissivity  in  the  EL  devices  were  not  cali¬ 
brated.  The  EL  devices  were  driven  by  pulse 
voltage  of  alternating  polarities  with  40  ns  pulse 
width  and  50  Hz.  For  PL,  a  He -Cd  laser  (Kim- 
mon;  CD302R,  20  mW)  with  a  wavelength  of  325 
nm  (3.82  eV)  was  used  as  the  excitation  light 
source.  All  measurements  were  performed  at 
room  temperature. 


Fig.  .1.  EL  spectra  for  ZnS,  vSc.v  ^TbOF  thin  films. 


3.  Experimental  results 

3. 1.  Crystalline  properties 

Fig.  1  shows  the  A"  value  dependence  of  the 
interplanar  spacing  (dA  ).  With  increasing  A",  dA 
shifted  from  3.11  (ZnS)  to  3.27  (ZnSe). 

The  X  value  dependence  of  the  for  the 
ZnS,  thin  films  is  shown  in  Fig.  2.  The 

energy  levels  of  Tb'*  and  Tm’^  ions  are  al.so 
shown.  Eg  is  defined  by  the  slope  of  the  photoab¬ 
sorption  spectra,  as  shown  in  the  inset  in  Fig.  2. 
With  an  increase  of  X,  decreased  from  3.6  eV 
(ZnS)  to  2.56  eV  (ZnSe)  in  our  films.  A  similar 
result  was  reported  for  mixed  crystals  [31.  The 
band-gap  energies  are  about  2.96.  2.72.  2.64.  2.62. 
2.60,  2.58.  and  2.57  eV  when  the  values  for  A"  are 
0.25,  0.50,  0.60,  0.70.  0.75,  0.80  and  0.90.  respec¬ 
tively. 

3.2.  EL  spectra  for  ZnS,  ySC  y :  ThOF 

The  EL  spectra  for  the  ZnS,.  ySe^  ;TbOF 
device  are  shown  in  Fig.  3.  When  A"  =  0 
(ZnS:TbOF;  E^  =  3.6  cV).  the  EL  spectrum  con¬ 
sists  of  strong  emission  peaks  at  490.  545.  590  and 
625  nm  and  weak  emission  peaks  at  380,  420,  440 
and  460  nm,  due  to  both  'Dj  -*  ^F^  and  ^D,  -» ’Fy 
(/  =  3,  4.  5  and  6)  transitions,  respectively.  For 
X  g  0,25,  the  emission  arising  from  the  ^D,  level 
is  not  observed.  On  the  other  hand,  the  emission 
corresponding  to  the  transition  of  'Dj  -*  'Fy  (7  = 
3,  4.  5  and  6)  is  observed,  independent  of  the 
composition  (A"). 

EL  spectra  for  ZnS,  •  TmOF 

The  EL  spectra  for  the  ZnS,  yScy; TmOF 
devices  are  shown  in  Fig.  4.  When  A'  =  0 
(ZnS; TmOF;  £’^,  =  3.6  eV).  the  EL  spectrum 
consists  of  two  main  peaks  at  480  nm  (2.59  eV) 
and  793  nm  ( 1 .57  e  V),  and  a  weak  peak  at  655  nm 
(1.50  eV).  The  480  and  655  nm  emissions  are 
assigned  to  the  transitions  from  the  .same  level  of 
'G4  to  two  terminal  levels  of  ’H^  and  'F^,  respec¬ 
tively.  The  793  nm  emission  is  due  to  the  transi¬ 
tion  of  ’H4-*^Hh.  With  an  increase  of  X,  the 
480  and  655  nm  emissions  become  weak  and 
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ultimately  disappear.  On  the  other  hand,  the  793 
nm  emission  is  observed,  independent  of  the  value 
of  X. 

3.4.  PL  spectra  for  ZnS,  _  y :  TmOF 

Fig.  5  shows  the  PL  spectra  for  the 
ZnS,  _  ^^Se  ;  TmOF  films.  The  PL  spectra  show 
the  same  behavior  as  in  the  case  of  EL.  In  the 
case  of  A"  =  0,  the  spectra  are  composed  cf  ihc 
emissions  from  the  two  emissior.  levels  of  'G4 
and  ^Fl4.  As  X  increases,  the  emission  from  the 
'G4  level  is  not  observed.  The  793  nm  emission 
due  to  the  ’144  transition  is  observed  in  all 

samples.  In  PL,  the  broad-band  emission  is  ob¬ 
served. 


4.  Discussion 

The  EL  emission  has  been  measured  for 
ZnS,  thin  films  doped  with  rare-earth  ions. 


Wavelength  (nm) 

Fig.  5.  PL  spectra  for  Zn,  yCd  ,  S:TmOK  thin  films. 
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Fig.  4.  EL  spectra  for  ZnS,  ^-Se^.  :TmOF  thin  films. 


In  the.se  devices,  emissions  from  levels  higher 
than  of  the  host  are  not  observed,  and  the 
composition  of  those  spectra  changes  with  the 
host  composition  (A").  Similar  behavior  was  also 
observed  in  rare-earth-doped  Zn|_vCdvS  thin- 
film  EL  devices  [2].  Two  causes  of  the  changes  of 
the  spectra  are  considered.  One  is  the  case  where 
levels  higher  than  the  host  are  not  excited.  In  this 
case,  it  is  suggested  that  the  emission  center  is 
excited  via  energy  transfer  by  way  of  recombina¬ 
tion  in  the  host,  and  hence  the  levels  higher  than 
cannot  be  excited  (2].  The  other  cause  involves 
the  direct  impact  excitation  model  of  hot  elec¬ 
trons  which  are  accelerated  in  a  high  electric 
field,  in  which  the  emission  levels  are  higher  than 
that  of  the  band-gap  of  the  host.  In  this  case, 
emission  is  not  observed  from  levels  higher  than 
although  the  levels  are  pumped.  If  this  phe¬ 
nomenon  occurs,  we  believe  that  the  energy 
transfer  from  the  rare-earth  center  to  the  host 
(back-energy  transfer),  which  is  reported  not  only 
in  rare-earth-doped  Ill-V  semiconductors  such 
as  InP  [4],  but  also  in  II-VI  compounds  [5.6]. 
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takes  place.  To  clarify  the  energy  transfer  pro¬ 
cess,  further  experiment  is  required. 


5.  Conclusions 

The  EL  spectra  for  rare-earth-doped 
ZnS|_ySey  thin  films  were  measured.  As  X  in¬ 
creased,  of  the  host  decreased,  and  emission 
from  levels  higher  than  disappears.  This  is 
because  of  the  energy  transfer  between  the  4f 
electron  of  the  trivalent  rare-earth  ions  and  the 
host. 
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Abstract 

Samples  of  Ca|_, Sr, 8:0.001  Cc  were  prepared  by  reduction  of  mixed  sulphates  with  H,/H,S  at  elevated 
temperatures.  In  the  absence  of  a  flux,  only  at  1200°C  for  long  reaction  times  did  near  complete  solid  solution  occur. 
However,  addition  of  LiF  flux  to  samples  prepared  at  1 100°C  did  yield  homogeneous  single  phase  mixed  sulphides 
but  of  poor  crystallinity.  Photoluminesccncc  excitation  and  emission  spectra  were  determined  for  these  solid 
solutions  at  295  and  77  K.  Peak  emission  wavelengths  at  77  K  ranged  from  500  nm  for  CaS.  Ce  to  47K  nm  for 
SrS:Ce.  The  wavelength  shift  reflects  the  sensitivity  of  the  5d  state  of  the  Ce’*^  ion  to  the  strength  of  the  crystal 
field. 


1.  introduction 

Alkaline-earth  sulphides  doped  with  rare-earth 
ions  offer  the  possibility  of  multicolour  electrolu¬ 
minescent  and  cathodoluminescent  devices.  Fine 
tuning  of  the  emission  colour  can  be  achieved  by, 
for  example,  varying  the  composition  of  a  solid 
solution  of  calcium  and  strontium  sulphides  as 
the  host  lattice. 

Solid  solutions  between  calcium  and  strontium 
sulphides  were  originally  investigated  by  Rumpf 
and  Travnicek  [1]  who  observed  large  apparent 
deviations  from  Vegard's  law  which  they  could 
not  satisfactorily  explain.  Primak,  Kaufman  and 
Ward  [2]  demonstrated  that  complete  solid  solu¬ 
tion  of  the  two  sulphides  results  from  fluxing  with 
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LiF,  with  the  resultant  material  obeying  Vegard's 
law  very  closely.  Okamoto  and  Kato  [3]  used  a 
sulphurizing  flux  to  produce  (CaSr)S  phosphors 
whose  lattice  constant  increased  linearly  with 
mole  fraction  of  SrS. 

The  work  reported  here  is  an  extension  of 
previous  .studies  by  Brightwell  et  al.  [4]  and  Bick- 
erton  et  al.  [5]  on  the  photoluminescence  of 
Ca|.,Sr,S  and  focuses  on  the  behaviour  of 
cerium  as  the  emitting  centre. 


2.  Experimental  procedure 


2. 1,  Sample  preparation  and  characterization 

Calcium  and  strontium  nitrates  in  the  chosen 
proportion  were  dissolved  in  deionized  water  at 
80°C  and  a  “mixed”  sulphate  precipitated  by  the 
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addition  of  a  10%  stoichiometric  excess  of 
(NH4)2S04  solution.  The  resultant  precipitate 
was  then  digested  for  a  range  of  times  at  60  or 
90°C  before  filtration  and  washing  with  cold 
deionized  water.  The  Ce  dopant  was  added  to  the 
sulphates  as  a  dilute  solution  of  ammonium  sul- 
phatocerate(IV)  to  provide  a  dopant  level  of  0.001 
moles  Ce  per  mole  of  sulphide.  Alternatively,  the 
cerium  was  added,  as  nitrate,  to  the  solution 
before  coprecipitation  of  the  sulphates.  The  mixed 
sulphates  were  dried  in  an  air  oven  and  the 
product  finely  ground.  A  few  samples  had  1.5 
mol%  LiF  added  at  this  stage. 

Reduction  to  the  sulphide  was  carried  out  in  a 
tube  furnace  with  flowing  H  2  at  temperatures  of 
1000,  1100  and  1200°C  for  times  ranging  from  1 
to  4  h.  A  small  amount  of  HjS  was  added  to  the 
gas  flow  to  eliminate  any  oxide  formation. 

X-ray  analysis  of  the  final  product  was  carried 
out  using  a  Philips  diffractometer  (PW1730/1710) 
using  Cu  Ka  radiation.  Scanning  electron  micro¬ 
graphs  of  the  samples  were  taken  using  a  Philips 
505  SEM  at  a  magnification  of  2500. 

2.2.  Optical  measurements 

Optical  measurements  were  with  a  Perkin- 
Elmer  LS50  fluorescence  spectrometer  which 
permitted  excitation  and  emission  spectra  to  be 
determined  at  77  and  295  K.  The  procedure 
adopted  in  measurement  was  to  produce  an  emis¬ 
sion  spectrum  by  exciting  at  254  nm.  An  excita¬ 
tion  spectrum  was  then  obtained  with  the  spec¬ 
trometer  set  at  the  emission  wavelength  of  the 
major  peak  observed  in  the  initial  emission  spec¬ 
trum.  A  second  emission  spectrum  was  then  pro¬ 
duced  for  each  sample  using  the  optimum  excit¬ 
ing  wavelength,  between  430  and  460  nm,  for  the 
emission  peak  associated  with  the  cerium  centre. 


3.  Results 

With  the  exception  of  the  samples  prepared 
using  LiF  flux,  all  of  the  mbced  sulphides  were  to 
some  extent  two  phased,  these  phases  were  cal¬ 
cium  sulphide  at  close  to  the  ideal  lattice  parame¬ 


ter  and  the  calcium-strontium  sulphide  solid  so¬ 
lution.  In  contrast,  addition  of  LiF  resulted  in 
complete  solid  solution  at  1100°C  within  1  h; 
however,  for  this  material  the  X-ray  diffraction 
traces  were  much  less  sharp.  The  distinct  differ¬ 
ences  observed  in  particle  morphology  are  illus¬ 
trated  in  Fig.  1  for  CaS:Ce,  Ca„5Sr(,5S:Ce  and 
SrS;Ce. 

The  PL  excitation  and  emission  spectra  con¬ 
sisted  of  main  and  minor  peaks  similar  to  those  of 
CaS :  Ce  at  77  K  shown  in  Fig.  2.  The  excitation 
spectrum  consists  of  two  main  bands  with  peaks 
at  250  and  455  nm  for  CaS:Ce,  and  255  and  431 
nm  for  SrS :  Ce.  The  two  emission  bands  occur  at 
500  and  570  nm  in  CaS :  Ce  and  478  and  534  nm 
in  SrS:Ce  respectively.  The  main  peak  emission 
wavelength  was  observed  to  shift  to  shorter  wave¬ 
lengths  with  increasing  strontium  content,  .v,  at 
both  77  and  295  K;  Fig.  3  illustrates  that  be¬ 
haviour  at  77  K  for  samples  excited  by  254  nm 
wavelength  radiation.  In  Fig.  3  the  peak  wave¬ 
length  (An,„)  is  plotted  as  a  function  of  the  lattice 
constant,  with  the  present  work  compared  to 
the  results  of  Okamoto  and  Kato  [3]  and  Kasano 
et  al.  [6].  Also  shown  are  the  “optical  absorption 
edge”  values  ^f  Lehmann  [7]. 

At  295  K,  the  peak  emission  intensity  varied 
with  comp>osition  showing  a  maximum  value  at 
intermediate  compositions.  At  77  K,  the  peak 
emission  intensity  decreases  with  increasing 
strontium  content.  The  emission  intensity  levels 
are  significantly  greater  at  77  K  particularly  at 
calcium  rich  compositions. 


4.  Discussion 

The  co-precipitation  of  the  sulphates  did  not 
produce  a  single  phased  product  but  a  mbeture  of 
the  separate  sulphates.  Increased  digestion  times 
served  only  to  increase  the  particle  size  and  hence 
to  inhibit  the  formation  of  a  solid  solution  of  the 
sulphides  on  sintering.  The  scanning  electron  mi¬ 
crographs  show  that  the  reaction  with  H2/H2S 
produced  separate  sulphides  with  a  particle  size 
and  shape  reflecting  that  of  the  sulphates.  Only 
at  1200°C  and  for  long  reaction  times  did  near 
complete  solid  solution  occur. 
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Fig.  I.  Scanning  electron  micrographs  of  Ca,_,Sr,S:Ce  pow¬ 
der  phosphors  for  (a)  x  »  0,  (b)  j:  -  0.5  and  <c)  x  -  I. 


wavelength  inmi 

Fig.  2.  PL  excitation  and  emission  spectra  for  CaS:  0.001  Ce  at 
77  K. 


MgS  CaS  SrS 

ao  (pm) 

Fig.  3.  Peak  fluorescent  emission  wavelength  as  a  function  of 
lattice  constant,  a„.  (a)  this  work,  at  77  K  excited  by  2S4  nm 
wavelength  radiation;  (b)  Okamoto  and  Kato  [3],  cathodolumi- 
nescence;  (c)  Kasano  et  al.  [6],  cathodoluminescence;  (d) 
Optical  absorption  edge  energy  values  for  MgS,  CaS.  SrS  from 
Lehmann  [7]. 
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The  addition  of  1.5  mol%  LiF  to  samples 
prepared  at  1100°C  did,  however,  yield  single 
phase  material  but  the  distinctly  less  sharp  nature 
of  the  X-ray  diffraction  traces  gives  rise  to  doubts 
about  the  homogeneity  of  the  products. 

The  photoluminescence  results  can  be  ex¬ 
plained  using  a  model  proposed  by  Yamashita  et 
al.  [8].  The  two  overlapping  emission  bands  corre¬ 
spond  to  transitions  from  the  Sdf^Tjg)  excited 
state  of  the  Ce’^  ion  to  the  and 

4f(^F5/2)  states.  The  saddle  between  these  two 
emission  peaks  becomes  deeper  as  the  tempera¬ 
ture  drops  from  295  to  77  K  due  to  suppression 
of  lattice  vibrations.  In  the  excitation  spectrum, 
the  peak  at  about  440  nm  arises  from  the  4f(^F5^2) 
to  5d(^T2g)  ground  to  excited  state  transition. 
The  crystal  field  splitting  of  the  5d  state  will  be 
smaller  for  the  larger  SrS  lattice.  The  blue  shift  in 
peak  emission  wavelength  results  from  the  in¬ 
crease  in  energy  of  the  5d(^T2g)  to  4f(^F5/2) 
transition.  The  variation  of  peak  wavelength, 
"'ith  composition  of  solid  solution  across 
the  MgS-CaS-SrS  system,  shown  in  Fig.  3,  has 
been  rationalized,  particularly  for  the  MgS-CaS 
system,  in  terms  of  local  stresses  around  dopant 
ions  [6].  These  stresses  are  of  two  types:  (I)  due  to 
difference  in  ionic  radii  of  host  lattice  and  dopant 
cation  and  (II)  due  to  difference  in  radii  of  the 
two  host  lattice  cations.  Although  changes  in  flu¬ 
orescence  intensity  with  composition  may  be  ex¬ 
plained  by  invoking  type  II  stresses,  it  is  difficult 


to  see  why  these  type  II  stresses  should  have  such 
a  striking  effect  in  the  MgS-CaS  system,  yet  a 
negligible  effect  in  the  CaS-SrS  system.  It  seems 
possible  that  the  reduction  in  the  value  of  as 
the  composition  changes  from  Mgo.^jCaojsS  to 
MgS  has  its  origin  elsewhere  and  perhaps  from  a 
change  in  energy  band  structure. 

The  general  displacements  between  plots  a,  b 
and  c  in  Fig.  3  have  their  origin  in  different 
preparative  techniques  of  the  samples,  different 
dopant  levels  and  different  stimulation  processes. 

The  apparent  monotonic  variation  of  “optical 
absorption  edge”  with  lattice  constant,  Aq,  d  in 
Fig.  3,  is  in  striking  contrast  with  the  variation  of 
peak  emission  wavelength  for  the  three  sulphides. 
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Abstract 

Mixtures  of  CaS  and  CdS  treated  at  1020°C  for  2  h  in  a  nitrogen  atmosphere  with  an  excess  sulphur  pressure  have 
resulted  in  solid  solutions,  Ca,_,Cd^S  up  to  jr  =  0.41.  Fluoreseence  emission  studies  have  indicated  massively 
enhanced  broad  band  emission  spectra  for  x  between  0.01  and  0.10  at  both  77  and  300  K.  Electroluminescence 
studies  of  copper-coated  powder-based  samples  under  AC  excitation  conditions  at  x-  0.05  have  indicated  signifi¬ 
cant  emission  intensities  broadly  aligned  spectrally  with  those  from  photo-stimulation  at  the  same  composition. 
Further  investigations  are  being  directed  at  optimization  of  composition,  particle  size,  layer  thickness  and  excitation 
conditions  for  enhanced  electroluminescence  emission  intensities. 


1.  Background 

The  earlier  reports  [1-6]  of  extensive  solid 
solutions  in  the  Ca,.^Cd^S  system  for  x  up  to 
0.55  and  broad  band  fluorescence  emission  char¬ 
acteristics  of  compositions  with  x  between  0.01 
and  0. 10  have  prompted  this  particular  study.  The 
solid  solutions  have  the  sodium  chloride  structure 
of  calcium  sulphide  with  the  lattice  parameter 
having  a  linear  dependence  on  composition  over 
the  range  of  solid  solubility  [3,6].  The  tempera¬ 
ture  of  preparation  has  a  significant  influence  on 
the  limit  of  solid  solubility  with  Lehmann  [2] 
observing  it  to  be  x  =  0.55  at  1200°C  and  Viney  et 
al.  [6]  X  =  0.40  at  1025°C;  this  variation  is  not 
unexpected  although  the  magnitude  of  change 
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with  temperature  is  surprisingly  large.  Susa  et  al. 
[3]  reported  a  linear  dependence  of  lattice  pa¬ 
rameter  across  the  whole  composition  range  when 
the  sodium  chloride  structure  was  quenched  in 
from  elevated  pressures  for  larger  x  values. 

This  study  is  centred  on  a  well-established 
method  for  the  preparation  of  samples  to  confirm 
the  reported  fluorescence  emission  spectral  be¬ 
haviour  in  Ca,_^Cd,S  over  the  range  jr  =  0  to 
0.41  [6],  but  then  focuses  in  on  the  composition 
Ca„95Cd(,(,5S.  At  this  composition  enhanced  opti¬ 
cally  stimulated  broad  band  fluorescence  emis¬ 
sion  occurs  at  both  77  and  300  K.  Particulate 
samples  of  Cao^jCdoQsS  have  been  treated  to 
permit  AC  electroluminescence  to  be  observed 
and  comparisons  of  the  emission  spectra  ob¬ 
served  made  with  those  for  the  same  samples 
subjected  to  optical  stimulation.  The  crystal  qual¬ 
ity  of  samples  across  the  full  solid  solubility  range 
in  Ca|_^Cd^S  has  been  investigated  also  to  assess 
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whether  there  is  any  correlation  between  crystal 
quality  and  luminescence  emitting  performance. 


2.  Experimental  methods 

2.1.  Sample  preparation 

The  calcium  sulphide  starting  material  was 
prepared  from  high  purity  calcium  carbonate  us¬ 
ing  a  metathesis  reaction  with  hydrogen  sulphide 
at  1200°C: 

1200®C 

CaCOj-i-HjS  ^  CaS  +  COj-l-HjO. 

The  CaS  was  mixed  intimately  under  dry  argon 
with  CdS  (5N  purity)  and  5  mg  of  elemental 
sulphur  was  added  to  provide  a  sulphurising  at¬ 
mosphere  during  heating.  The  mixture  was  loaded 
into  a  closed  end  silica  tube  of  10  mm  diameter 
which  in  turn  was  capped  by  a  similar  tube  of 
larger  diameter.  The  capped  tube  arrangement 
was  loaded  into  a  40  mm  diameter  furnace  tube 
plugged  with  glass  wool  through  which  a  silica 
delivery  tube  introduced  a  supply  of  inert  gas  to 
retain  an  overpressure  during  heating,  see  Fig.  1. 

Samples  were  heated  from  room  temperature 
to  1020°C  in  a  nitrogen  atmosphere,  held  at 
1020°C  for  2  h,  then  removed  from  the  furnace 
and  cooled  rapidly  to  room  temperature  whilst 
still  in  nitrogen. 

Electroluminescent  powder  samples  were  pre¬ 
pared  by  coating  with  copper  from  a  solution  of 
copperfll)  chloride  dihydrate  giving  about  1  mol% 
copper  dissolved  in  methanol.  The  powder  was 
heated  under  reflux  for  15  min,  then  filtered  and 


0  0  0  I  0  0  0 


Class  Wool  Plug  Capped  silica  TuOe 

Fig.  I.  Experimental  arrangement  for  the  preparation  of 
Ca,  -;,Cd,S  solid  solutions. 


washed  with  methanol  before  drying  at  100°C. 
The  dried  and  coated  powders  were  sieved 
through  a  45  /tm  mesh  and  loaded  into  capped 
quartz  tubes,  heated  in  a  nitrogen  atmosphere  at 
850°C  for  30  min  and  then  cooled  to  room  tem¬ 
perature. 

2.2.  Optical  measurements 

Luminescence  spectra  were  determined  with  a 
Perkin-Elmer  LS50  fluorescence  spectrometer 
permitting  measurements  at  both  77  and  295  K. 
A  detailed  excitation  spectrum  for  each  emission 
peak  was  obtained  and  the  optimum  exciting 
wavelengths  were  identified  to  obtain  the  maxi¬ 
mum  emission  intensities  for  each  peak. 

2.3.  Electroluminescence  measurements 

Electroluminescence  measurements  were  made 
using  a  demountable  test  cell  in  which  a  de¬ 
formable  particulate/  dielectric  mixture  was 
sandwiched  between  central  metal  and  conduct¬ 
ing  glass  transparent  electrodes  separated  by  125 
/im.  The  particulate  CangsCdoosS  was  mixed  with 
castor  oil  in  the  ratio  of  2 : 1  by  weight  to  provide 
a  spreadable  and  deformable  mixture.  The  excit¬ 
ing  AC  field  was  derived  from  a  voltage-frequency 
signal  generator  operating  in  the  ranges  0-550  V 
and  0.4-10  kHz.  The  electroluminescence  emis¬ 
sion  spectrum  was  measured  with  a  Rofin-Sinar 
optical  spectrum  analyser. 

2.4.  X-ray  diffraction  measurements 

A  Philips  PW1730/1710  X-ray  diffractometer 
was  used  to  assess  the  phase  purity,  lattice  pa¬ 
rameter  and  crystal  quality.  The  methods  of  de¬ 
termining  phase  purity  and  lattice  parameter  from 
X-ray  diffractometry  data  are  well  established. 
Crystal  quality  measurements  use  the  same  data 
and  the  assessment  criterion  applied  to  define 
quality  is  the  level  of  resolution  of  the  Ka,-Ka2 
X-ray  diffraction  peaks  close  to  26  =  80°.  The 
ratio  of  the  minimum  height,  b,  between  the  Ka, 
and  Ka2  peaks  to  the  Ka,  peak  height,  a,  was 
the  particular  measure  taken  with  low  b/a  ratios 
marking  high  crystal  quality. 
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2.5.  Atomic  absorption  spectrophotometric  mea¬ 
surements 

A  Varian  AA475  atomic  absorption  spec¬ 
trophotometer  was  used  to  analyse  for  the  cad¬ 
mium  content  in  the  samples.  It  demonstrated 
that  cadmium  loss  occurred  from  Ca,_^Cd^S 
samples  with  ^  >  0.1.  In  combination  with  X-ray 
diffractometry  measurements,  it  permitted  the 
proportion  of  cadmium  incorporated  in  the  single 
phase  solid  solution  to  be  calculated. 


3.  Results 

3. 1.  Structural  and  crystal  quality 

It  was  observed  that  solid  solutions  of 
Ca,_^Cd^S  occurred  for  x  up  to  0.41  having  the 
sodium  chloride  crystal  structure  at  a  preparation 
temperature  of  1020°C  in  a  sulphur-rich  ambient. 
For  x  =  0.31  and  0.41  there  was  evidence  of  a 
second  phase  being  present,  having  the  wurtzite 
structure  of  CdS,  and  increasing  in  level  with 
increasing  x.  The  lattice  parameter  values  con¬ 
formed  with  those  observed  in  earlier  reports 
(5,6). 

Whilst  the  crystal  quality  measure  is  crude,  it 
did  indicate  a  decline  in  quality  from  ,r  =  0  to  a 
minimum  at  Jir  =  0.10,  followed  by  a  progressive 
increase  up  to  the  solid  solubility  limit  at  at  =  0.41. 
Fig.  2  illustrates  the  dependence  of  the  crystal 
quality  parameter  h/a  on  composition  in 
Ca|  _j.Cd,S. 

3.2.  Optically  stimulated  excitation  and  fluores¬ 
cence  emission  spectra 

3.2.1.  Excitation  spectra 

Excitation  spectra  at  295  K  for  the  blue-green 
fluorescence  emission  in  the  undoped  Ca,_,Cd,S 
at  X  between  0  and  0.22  exhibited  a  steep  rise 
from  short  wavelengths  to  peaks  between  290  and 
340  nm.  As  the  cadmium  concentration  is  in¬ 
creased,  the  excitation  spectrum  becomes  broader 
with  the  intensity  at  300  nm  never  falling  below 
80%  of  the  peak  value  for  x  =  0.01, 0.05, 0.10  and 
0.22. 


Fig.  2.  Cfy.slal  quality  parameter  h/a  a.s  a  function  of  compo¬ 
sition  in  Ca,  ,Cd  |S. 

At  77  K,  all  samples  exhibited  substantial  fluo¬ 
rescence  emission  and  excitation  spectra  were 
obtained  for  the  peak  emission  wavelength  in 
each  sample.  For  x  =  0.01  and  in  particular  x  = 
0.05,  well-defined  sharp  excitation  peaks  are  seen 
at  285  nm  with  secondary  peaks  at  310  nm  of 
about  80%  of  intensity  of  the  principal  peak.  At 
higher  values  of  x,  once  again  as  at  room  temper¬ 
ature,  broadening  of  the  excitation  spectra  oc¬ 
curs.  Fig.  3  indicates  the  nature  of  the  excitation 
spectral  characteristics  for  x  =  0,  0.01,  0.05  and 
0.10. 

3.2.2.  Fluorescence  emission  spectra 

At  295  K,  Ca,_,Cdj,S  solid  solutions  excited 
by  300  nm  wavelength  radiation  exhibited  intense 
fluorescent  emission  spectra  for  x  =  0.01,  0.05 
and  0.10.  There  was  a  progressive  shift  in  the 
peak  emitting  wavelength  with  values  of  405,  423, 
439  and  460  nm  for  x  =  0.01,  0.05,  0.10  and  0.22 
respectively.  The  fluorescence  emission  charac¬ 
teristics  of  the  copper-coated  Can^CdnojS  sam¬ 
ple  were  also  investigated  at  295  K  using  300  nm 
wavelength  exciting  radiation;  the  emission  inten¬ 
sity  was  reduced  by  70%  and  the  emission  peak 
shifted  from  423  to  520  nm. 

At  77  K,  fluorescence  emission  spectra  for  all 
samples  were  excited  by  300  nm  wavelength  and 
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Fig.  3.  Excitation  spectra  at  77  K  for  the  principal  blue-green 
emission  peak  in  Ca,  _,Cd^S  with  (a)  x  =  0,  (b)  x  =  0.01,  (c) 
X  =  0.05  and  (d)  x  =  O.IO. 
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Fig.  4.  Fluorescence  emission  spectra  at  77  K  excited  by  300 
nm  wavelength  radiation  in  Ca,  _^Cd^S  with  (a)  x  -  0.01.  (b) 
X  -  0.05,  (c)  X  -  0.10,  X  -  0.22  and  (e)  x  0.41. 


Fig.  4  illustrates  the  characteristic  emission  for 
X  =  0.01, 0.05, 0.10, 0.22  and  0.41.  The  fluorescent 
emission  is  particularly  intense  for  j:  =  0.01,  0.05 
and  0.10  with  that  at  at  =  0.05  being  the  most 
intense.  The  emission  peaks  were  also  sharper  at 
liquid  nitrogen  temperatures  and,  for  at  =  0.31 
and  0.40,  there  was  also  evidence  of  emission 
from  the  second  phase  based  on  the  CdS  phase 
present. 

3.3.  Electroluminescence 

3.3.1.  Brightness  versus  voltage  and  frequency 
The  electroluminescence  brightness  as  a  func¬ 
tion  of  voltage  in  the  copper-coated  CangsCdmisS 
samples  exhibited  the  familiar  B  —  A  exp 
(  — relationship  over  the  frequency  range 
0.4  to  10  kHz  at  voltages  between  250  and  550  V. 
The  brightness  dependence  on  frequency  was 
substantially  sub-linear  in  the  frequency  range 
investigated. 


Fig.  5.  Nonnaiized  fluorescence  emission  spectra  at  295  K  of 
CaQ9,Cdnn5S  for:  (a)  optical  stimulation  at  .300  nm  of  an 
undoped  sample,  (b)  optical  stimulation  at  300  nm  of  a  copper 
coated  sample  and  (c)  electrical  stimulation  at  5.50  V  and  10 
kHz  of  a  copper  coated  sample. 
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3.3.2.  Spectral  distribution  of  the  electrically  excited 
fluorescence  emission 

Copper-coated  Cao  ,„Cdoo,S  electrically  stimu¬ 
lated  at  550  V  and  10  kHz  had  a  spectral  emis¬ 
sion  peak  at  540  nm  with  an  emission  profile  very 
similar  to  that  of  optically-stimulated  material  of 
the  same  composition.  Fig.  5  compares  the  fluo¬ 
rescence  emission  spectra  at  room  temperature  of 
CanqjCdonjS  (a)  undoped  and  optically  stimu¬ 
lated  at  300  nm,  (b)  copper-coated  and  optically 
stimulated  at  300  nm,  and  (c)  copper-coated  and 
electrically  stimulated  at  550  V  and  10  kHz. 


4.  Discussion 

The  excitation  and  fluorescence  emission  stud¬ 
ies  at  77  and  295  K  have  served  to  extend  and 
confirm  earlier  observations  [5,6]  of  the  broad 
band  emission  spectra  excited  by  radiation  in  the 
spectral  region  290  to  310  nm.  The  peak  emission 
wavelength  shifts  from  the  blue  to  longer  wave¬ 
lengths  as  X  is  increased  from  0.01  to  0.41  in 
undoped  Ca,  _^Cd ,S.  At  77  K  the  emission  peaks 
are  better  resolved  and  of  greater  intensity  and 
for  X  =  0.01  and  0.05  the  peak  is  blue  shifted  by 
20  nm  relative  to  that  at  300  K.  The  samples,  in 
which  the  Ca,_,Cd,S  coexisted  with  a  second 
phase  based  on  wurtzite-structured  CdS,  had  flu¬ 
orescence  emission  spectra  characteristics  of  both 
component  phases  with  CdS  fluoresence  being 
significant  particularly  at  x  =  0.41. 

The  coating  of  Ca(,y,Cd„fl5S  with  copper,  in 
order  to  allow  its  study  under  electrical  stimula¬ 
tion,  resulted  in  a  substantial  shift  in  the  fluores¬ 
cence  emission  peak  wavelength  from  423  to  520 
nm.  The  explanation  for  this  is  centred  around 
the  incorporation  of  the  copper  into  the 
CafiqjCdonsS  lattice  as  emitting  centres  instead 
of  the  defect  states  found  as  emitting  centres  in 
untreated  CaS  and  Ca,_^Cd^S.  The  absorption 
process  for  the  exciting  radiation  could  be  either 
directly  by  the  host  lattice  or  the  copper  centie 
itself  but  whichever  was  the  case,  still  giving  rise 
to  longer  wavelength  emission  associated  with  the 
copper  centre.  The  unincorporated  copper  resid¬ 
ing  on  the  surface  of  phosphor  particles  had  the 
general  affect  of  attenuating  the  transmission  of 


the  exciting  and  emitted  radiation.  The  intensity 
of  the  overall  fluorescence  emission  peak  in  the 
copper-coated  sample  is  70%  of  that  from  the 
undoped  CaogsCdoosS  sample. 

The  electroluminescence  observations  are  be¬ 
lieved  to  be  the  first  reported  on  the  Ca,_^Cd,S 
system.  They  are  evidence  of  the  realization  of 
the  potential  predicted  for  the  system  first  by 
Lehmann  [2]  following  his  extensive  studies  on 
cathodoluminescence  and  subsequently  by  Ray  et 
al.  [4]  from  parallel  photo-stimulated  fluores¬ 
cence  studies.  The  brightnesses  obtained  for  the 
copper-coated  Ca„g5Cd„,„S  samples  were  for  a 
non-optimal  arrangement  and  were  estimated  to 
be  up  to  3  cd  m”*  for  the  active  emission  area. 
The  125  /im  gap  cell  structure  used  in  the  investi¬ 
gations  will  have  resulted  in  effectively  six  parti¬ 
cle  layers,  given  the  average  phosphor  particle 
size  of  20  ^m,  within  which  emission  can  be 
generated  and  substantial  scattering/ absorption 
loss  can  occur.  Smaller  particle  sizes,  fewer  parti¬ 
cle  layers  and  optimization  of  the  suspending 
dielectric  media  will  all  contribute  to  increasing 
the  electroluminescence  intensity  and  the  effec¬ 
tive  electric  field  applied  to  excite  the  active 
layer.  Clearly  thin  film  AC  EL  structures  offer 
further  potential  for  development,  as  does  tuning 
to  the  optimal  composition  and  level  of  copper¬ 
coating  required. 

Comparison  of  the  optically-stimulated  fluo¬ 
rescence  and  electroluminescence  emission  spec¬ 
tra  in  the  copper-coated  Ca„g5Cd„„5S  samples 
with  peak  emission  intensities  at  520  and  540  nm 
suggests  a  relatively  good  match  of  emission  char¬ 
acteristics  for  the  different  excitation  mecha¬ 
nisms.  The  enhanced  level  of  infrared  emission  in 
the  electroluminescence  emission  spectrum  could 
be  linked  to  electrical  power  dissipation  raising 
the  local  temperature.  Optimization  of  the  EL 
test  cell  structure  and  component  constituents 
will  contribute  to  reducing  such  power  dissipated 
losses. 

The  structural  studies  were  undertaken  to  as¬ 
sess  whether  crystal  quality  had  an  influence  on 
the  electroluminescence  characteristics  of  the 
particulate  phosphors.  Insufficient  focus  has  yet 
been  given  to  the  key  compositions  in  the  range 
X  =  0.01  to  0.09  to  assess  whether  there  is  any 
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intrinsic  relationship  between  quality  and  the  ca¬ 
pacity  to  accommodate  emitting  centres.  How¬ 
ever,  the  initial  results  with  the  poorest  crystal 
quality  being  observed  in  Cao^oCdo  ioS  do  not 
point  to  it  being  a  key  factor  in  obtaining  strong 
electroluminescence.  Nevertheless,  future  studies 
will  continue  to  involve  crystal  quality  as  part  of 
the  standard  characterization  of  Ca,_^Cd,S 
phosphors  for  test  under  AC  EL  excitation. 

Particular  focuses  of  further  study  in  the  labo¬ 
ratory  are  (i)  compositions  adjacent  to  Cao.95 
CdoojS  particularly  between  x  =  0.01  and  0.09, 
(ii)  optimizing  the  level  of  copper  deposition  on 
and  incorporation  in  the  phosphor,  (iii)  adapting 
the  preparative  processes  to  produce  smaller  par¬ 
ticle  sizes  of  the  electroluminescent  Ca,_^Cd^S 


powders,  (iv)  incorporation  of  other  emitting  cen¬ 
tres,  and  (v)  working  with  much  thinner  electrolu¬ 
minescent  test  structures. 
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Abstract 

The  growth  of  thin  films  of  ZnS  and  SrS  by  the  hot-wall  evaporation  technique  has  been  investigated.  By 
supplying  additional  sulfur  (S)  vapor,  the  deposition  rate  of  ZnS  was  increased,  allowing  ZnS  films  to  be  grown  at 
substrate  temperatures  over  400°C.  SrS  thin  films  were  grown  through  the  chemical  reaction  of  Sr  and  S  vapor  with 
the  substrate  temperature  in  the  region  of  350-500°C.  SrS/ZnS  multilayered  thin  films  were  grown  by  the  sequential 
deposition  of  the  SrS  and  ZnS  films.  The  (SrS/ZnS)5i  multilayered  thin  film  showed  X-ray  diffraction  lines  from 
both  ZnS  and  SrS  layers,  even  when  the  thickness  of  each  SrS  and  ZnS  layer  is  20  nm.  The  electroluminescent 
devices  with  SrS ;  Ce/ZnS  multilayered  thin  films  showed  a  greenish  blue  EL  emission. 


1.  Introduction 

ZnS  and  SrS  thin  films  are  promising  host 
materials  to  produce  thin  film  electroluminescent 
(EL)  devices  [1,2].  Recently,  it  has  been  reported 
that  SrS;Ce/ZnS  multilayered  thin  film  EL  de¬ 
vices  showed  higher  luminance  and  efficiency  than 
conventional  SrS :  Ce  thin  film  EL  devices  [3-5]. 
To  prepare  SrS/ZnS  multilayered  thin  films,  re¬ 
active  evaporation  and  electron  beam  evapora¬ 
tion  methods  have  been  employed.  In  these 
methods,  the  optimum  substrate  temperature  for 
ZnS  and  SrS  thin  film  growth  is  different  [3].  ZnS 
thin  films  are  usually  grown  at  relatively  low 
substrate  temperature  of  2()0-3()()°C.  On  the  other 
hand,  the  substrate  temperature  during  SrS  thin 
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film  deposition  is  high  (500-600°C)  [2,3].  This 
causes  the  difficulties  in  growing  SrS/ZnS  multi¬ 
layered  thin  films. 

It  has  been  reported  that  a  hot  wall  deposition 
method  is  widely  applied  to  the  thin  film  growth 
of  II-VI  compounds,  such  as  PbTe  [6],  CdTe 
[7,8],  ZnSe  and  ZnS  [9],  etc.,  and  these  superlat¬ 
tices  [10].  In  the  hot  wall  deposition  method,  the 
vapor  pressure  near  the  substrate  is  relatively 
high  compared  with  the  reactive  evaporation  and 
electron  beam  evaporation  methods.  Therefore,  it 
is  expected  that  one  can  grow  SrS  and  ZnS  thin 
films  in  a  wide  substrate  temperature  range. 

In  this  paper,  we  report  on  the  growth  and  the 
characteristics  of  SrS/ZnS  thin  films  grown  by 
the  hot  wall  deposition.  The  SrS/ZnS  multilay¬ 
ered  thin  films  were  successfully  grown  at  the 
same  substrate  temperature.  Multilayered  thin 
film  EL  devices  prepared  by  hot  wall  deposition 
are  also  reported. 
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2,  Experimental  procedure 

Fig.  1  shows  a  schematic  diagram  of  the  hot 
wall  deposition  equipment.  There  are  two  walls 
for  ZnS  and  SrS  thin  film  growth.  The  distance 
between  a  wall  and  the  glass  substrate  is  about  15 
mm.  ZnS  thin  films  were  grown  using  a  ZnS 
powder  source  resistively  heated  to  700-850“C. 
Sulfur  (S)  vapor  was  introduced  to  the  ZnS  wall 
to  increase  the  deposition  rate  of  ZnS  at  high 
substrate  temperatures.  S  vapor  was  supplied 
from  a  S  furnace  placed  on  the  outside  of  the 
growth  chamber.  The  S  vapor  pressure  in  the  S 
furnace  was  controlled  by  a  temperature  of  200- 
300°C,  which  corresponds  to  an  equilibrium  sul¬ 
fur  vapor  pressure  of  700-10000  Pa.  The  sulfur 
vapor  pressure  was  reduced  to  0.01-0.1  Pa  by  a 
bellows  valve.  SrS  thin  films  were  grown  through 
the  chemical  reaction  of  Sr  and  S  vapor.  Sr  vapor 
was  produced  from  a  Sr  metal  source  resistively 
heated  to  SSO-bSO^C.  Controlled  S  vapor  at  a 
pressure  of  (0.8-2)  X  10“^  Pa  was  supplied  to  the 
Sr  wall  in  the  way  described  above.  TTie  thin  film 
growth  was  carried  out  at  several  substrate  tem¬ 
peratures  in  the  range  of  200-550°C.  SrS/ZnS 
multilayered  thin  films  were  grown  by  the  se- 


Fig.  I.  Schematic  diagram  of  hot  wall  equipment. 


Fig.  2.  Dependence  of  deposition  rate  of  ZnS  and  SrS  thin 
films  on  substrate  temperature. 

quential  deposition  of  the  SrS  and  ZnS  films  by 
moving  the  glass  substrate. 


3.  Results  and  discussion 

3.1.  Growth  of  ZnS  and  SrS  thin  films 

Fig.  2  shows  the  dependence  of  the  deposition 
rate  of  the  ZnS  and  SrS  thin  films  on  the  sub¬ 
strate  temperature.  The  deposition  rate  of  the 
ZnS  films  decreases  rapidly  with  an  increase  of 
the  substrate  temperature  and  is  less  than  1  A/s 
over  4()0°C,  even  at  a  ZnS  cell  temperature  of 
850°C.  It  is  reported  that,  to  grow  SrS  thin  films 
with  a  good  crystallinity,  substrate  temperatures 
over  4()0°C  have  to  be  used  [2].  Therefore,  to 
deposit  ZnS  and  SrS  films  at  the  same  substrate 
temperature,  ZnS  films  should  be  deposited  at 
400°C  or  above.  To  increase  the  deposition  rate 
of  ZnS  thin  films,  we  introduced  S  vapor  during 
ZnS  growth.  We  have  found  that  the  deposition 
rate  of  ZnS  film  was  increased  remarkably  by  the 
introduction  of  S  vapor,  as  shown  in  Fig.  2.  This 
may  be  caused  by  the  following  facts.  For  the 
growth  of  ZnS  thin  film,  since  the  sticking  coeffi¬ 
cient  of  S  is  low  at  a  growth  temperature  over 
400°C,  Zn  atoms  were  re-evaporated  easily  from 
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the  surface  of  the  ZnS  thin  film.  Therefore,  sup¬ 
plying  S  vapor  suppresses  the  re-evaporation  of 
Zn  atoms,  and  results  in  an  increase  of  the  ZnS 
deposition  rate.  In  contrast,  the  deposition  rate 
of  the  SrS  films  is  almost  constant  in  the  range  of 
350-550°C.  In  the  case  of  the  growth  of  SrS  thin 
films,  Sr  atoms  hardly  re-evaporate.  Therefore,  it 
is  thought  that  the  growth  rate  of  SrS  thin  films 
does  not  depend  on  the  substrate  temperature 
and  mainly  depends  on  the  supplying  rate  of  Sr 
vapor. 

As  a  result,  by  introducing  S  vapor  into  the 
ZnS  cell,  it  becomes  possible  to  deposit  ZnS  and 
SrS  films  sequentially  at  the  same  substrate  tem¬ 
perature  of  400-500°C. 

3.2.  Growth  of  SrS  /ZnS  multilayered  thin  films 

Fig.  3a  shows  the  X-ray  diffraction  (XRD) 
patterns  of  (SrS/ZnS)„  multilayered  thin  films 
having  numbers  of  layers  («)  from  3  to  51;  here  n 
denotes  the  total  number  of  SrS  and  ZnS  layers. 
The  total  film  thickness  is  about  1  fim.  The 
overall  thickness  of  SrS  and  ZnS  is  almost  the 
same  (about  500  nm)  for  each  multilayered  film. 
In  other  words,  the  SrS  and  ZnS  thickness  for 
one  layer  (dsrS’  decreases  with  increase  of 
n.  For  comparison,  XRD  patterns  of  SrS  and  ZnS 
thin  films  are  shown  in  Figs.  3b  and  3c,  respec¬ 
tively.  These  films  were  deposited  on  quartz  glass 
substrates  at  the  same  substrate  temperature  of 
450°C. 

First,  we  discuss  the  growth  characteristics  of 
ZnS  and  SrS  thin  films.  Fig.  3c  shows  the  result 
of  the  ZnS  thin  film  grown  by  supplying  ZnS  and 
S  vapor,  simultaneously.  The  thin  film  has  a 
zincblende  structure  and  is  strongly  oriented  in 
the  (111)  plane.  By  introducing  S  vapor,  the  de¬ 
position  rate  increased  2-3  times,  as  mentioned 
in  section  3.1.  It  is  known  that  the  crystallinity 
usually  becomes  poor  with  increasing  deposition 
rate.  However,  it  is  probable  that  by  introducing 
S  vapor,  the  crystallinity  is  improved,  because  the 
value  of  full  width  at  half  maximum  (FWHM)  of 
0.23°  for  ZnS  film  grown  by  supplying  S  vapor  is 
narrower  than  that  of  0.29°  for  ZnS  grown  by 
supplying  only  ZnS  vapor.  As  shown  in  Pig.  3b, 
the  SrS  film  has  a  rocksalt  structure  and  is  strongly 
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Fig.  3.  X-ray  diffraction  patterns  (XRD)  of  (a)  (SrS/ZnS)„ 
multilayered  thin  Films  with  n  =  3,  II.  21.  SI;  (b)  and  (c)  show 
XRD  patterns  for  SrS  and  ZnS  thin  films,  respectively. 


oriented  to  the  (200)  plane.  The  SrS  thin  films 
deposited  at  a  substrate  temperature  of  350- 
550°C  have  almost  the  same  X-ray  diffraction 
pattern  as  in  Fig.  3b.  This  suggests  that  SrS  films 
with  good  crystallinity  can  be  obtained  at  rela¬ 
tively  low  substrate  temperature  by  the  hot  wall 
technique. 

The  (SrS/ZnS)„  multilayered  thin  films  show 
XRD  peaks  due  to  both  ZnS  and  SrS  lattices,  as 
shown  in  Fig.  3a.  Even  for  51  multilayered  thin 
films,  in  which  each  SrS  and  ZnS  layer  is  only  20 
nm  thick,  it  is  obvious  that  ZnS  and  SrS  layers 
exist  and  that  the  interdiffusion  between  ZnS  and 
SrS  films  hardly  takes  place  even  at  a  high  sub¬ 
strate  temperature  of  450°C.  The  ZnS  layers  in 
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Fig.  4.  Dependence  of  X-ray  diffraction  (XRD)  intensity  fron 
ZnS  and  SrS  layers  on  each  thickness  (dz„S’  '^SrS^-  Overall 
thickness  of  multilayer  was  kept  at  I  /^m  (r^zns  ^  "zns 
nm)  +  dsrs  ^  "srs  ^500  nm)).  XRD  intensities  of  500  nm  thick 
SrS  film  for  (200)  (o),  (1 1 1)  (  a  )  and  (220)  (□)  planes  are  also 
plotted. 


the  (SrS/ZnS)„  multilayered  thin  films  are 
strongly  oriented  in  the  (111)  direction.  The  ori¬ 
entation  axis  of  ZnS  thin  films  in  the  multilayered 
film  is  the  same  as  for  the  single  ZnS  thin  film. 
The  dependence  of  XRD  intensity  of  the  (111) 
peak  due  to  ZnS  lattice  on  the  thickness  of  each 
ZnS  layer  is  plotted  in  Fig.  4.  The  intensity 
of  the  ZnS  (111)  peak  decreases  rapidly  at  a 
thickness  of  about  100  nm.  This  is  caused  by  an 
increase  of  the  dead  layer  near  the  interface 
between  the  SrS  and  ZnS  layers.  Since  the  lattice 
constant  of  SrS  is  6.019  A  and  that  of  ZnS  is 
5.409  A,  the  lattice  mismatch  is  very  large  ( 10%). 
Therefore,  it  is  supposed  that  epitaxial  growth  of 
SrS  on  ZnS  or  ZnS  on  SrS  hardly  occurs  and  that 
ZnS  films  with  poor  crystallinity  are  grown  in  a 
thickness  of  1(X)-2(X)  nm,  as  reported  for  ZnS 
thin  films  grown  on  a  glass  substrate  [11]. 

The  orientation  of  the  SrS  thin  films  in  the 
multilayered  thin  films  changes  drastically  com¬ 
pared  with  the  SrS  single  film,  as  shown  in  Fig. 
3a.  The  dependence  of  XRD  intensity  of  the 
(200),  (111),  and  (220)  peaks  due  to  SrS  lattices 
on  the  thickness  of  each  SrS  layer  are 

plotted  in  Fig.  4.  For  comparison,  XRD  intensi¬ 


ties  of  a  500  nm  thick  SrS  film  are  also  plotted. 
The  (200)  peak  of  the  SrS  layers  in  the  (SrS /ZnS), 
film  is  much  weaker  than  that  of  SrS  thin  films, 
although  both  SrS  thicknesses  are  almost  the 
same.  On  the  other  hand,  the  (111)  and  (220) 
peaks  of  the  (SrS/ZnS),  film  are  stronger.  These 
results  indicate  that  the  orientation  of  the  SrS 
thin  films  in  the  multilayered  films  is  strongly 
affected  by  the  ZnS  interface.  This  may  be  caused 
by  the  following.  The  (111)  surface  of  the  ZnS 
zincblende  structure  has  only  Zn  or  S  atoms.  For 
SrS  lattice,  the  (200)  and  (220)  surfaces  are  the 
surfaces  with  both  Sr  and  S  atoms.  On  the  con¬ 
trary,  the  (111)  surface  is  Sr  or  S  surface.  There¬ 
fore,  the  SrS  thin  films  deposited  on  the  (ill) 
oriented  ZnS  surface  tend  to  grow  in  the  (111) 
direction  rather  than  the  (100)  or  (110)  direc¬ 
tion.  It  is  reported  that  the  orientation  of  SrS 
thin  films  of  SrS/ZnS  multilayered  thin  films 
grown  by  reactive  evaporation  method  is  the  same 
as  that  of  single  SrS  thin  films  [3-5].  However, 
the  difference  in  growth  kinetics  between  the  hot 
wall  and  the  reactive  evaporation  methods  is  not 
yet  well  understood.  The  intensities  of  the  (2(X)), 
(111)  and  <220)  peaks  deerease  with  a  decrease  of 
dsfS.  This  is  caused  by  the  increase  of  the  dead 
layer,  the  same  as  in  the  case  of  the  ZnS  (111) 
intensity. 

3.3.  SrS:Ce /ZnS  multilayered  thin  film  electrolu¬ 
minescent  devices 

Electroluminescent  devices  with  (SrS :  Ce / 
ZnS)„  multilayered  thin  films  (rt  =  3-ll)  were 
prepared  by  using  the  hot  wall  deposition  method. 
The  Ce  luminescent  centers  were  doped  by  using 
a  CeCl  ,  hot  wall  cell  heated  at  600°C.  The  de¬ 
vices  have  a  conventional  double  insulating  struc¬ 
ture.  The  devices  showed  a  broad  greenish-blue 
EL  emission  peaking  at  490  nm  under  1  kHz 
drive.  This  broad  EL  emission  ranging  from 
430  to  650  nm  is  due  to  the  5d-4f  transition 
of  Ce^^  luminescent  centers.  The  luminance- 
applied  voltage  {L-V)  characteristics  of  a 
(SrS :  Ce /ZnS), ,  multilayered  thin  film  EL  device 
are  shown  in  Fig.  5.  The  luminance  rises  steeply 
at  180  V.  The  obtained  luminance  value  was  still 
quite  low  compared  with  the  luminance  level  of 
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Applied  Voltage  Vo-p  (V) 

Fig.  .“i.  Luminance-applied  voltage  characteristics  of  hot  wall 
grown  (SrS:Ce/ZnS)||  multilayered  thin  film  EL  device. 

500- 1000  cd/m-  for  the  multilayered  EL  devices 
prepared  by  electron  beam  and  reactive  evapora¬ 
tion  methods  [3-5].  To  improve  the  luminance 
levels,  the  growth  conditions,  such  as  substrate 
temperature,  Ce  concentration,  and  ZnS  and  SrS 
thickness,  have  to  be  optimized. 


4.  Summary 

We  have  demonstrated  the  growth  of  SrS/ZnS 
multilayered  thin  films  by  the  hot  wall  technique 
at  the  same  substrate  temperature  during  depiosi- 
tion  of  both  ZnS  and  SrS  layers.  By  supplying 
additional  S  vapor  during  ZnS  deposition,  the 
deposition  rate  of  ZnS  was  increased,  allowing 
ZnS  films  to  be  grown  at  high  substrate  tempera¬ 
ture  over  4(X)°C.  SrS  thin  films  of  good  quality 
were  grown  by  the  chemical  reaction  of  Sr  and  S 
''apor  at  substrate  temperatures  between  350  and 
500°C.  SrS/ZnS  multilayered  thin  films  were 
grown  by  the  sequential  deposition  of  the  SrS  and 
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ZnS  films.  EL  devices  with  hot  wall  grown 
SrS:Ce/ZnS  multilayered  thin  films  showed  a 
greenish  blue  EL  emission. 
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Abstract 

High  resolution  reflectance  spectroscopy  experiments  were  performed  to  study  the  Zn  .3d  states  of  Zn,  'It 
over  the  whole  concentration  range  (0  <.v  <  0.56).  For  zincblende-type  samples  (.r  <  0.05).  we  obseryc  the  Acitaiion 
of  three  core  level  excitons  reflecting  the  threefold  split  Zn  3d  states  at  the  T-point.  The  splitting  of  the  l\  state  due 
to  spin-orbit  interaction  is  =  251  meV.  For  the  core  cxciton  binding  energy,  a  value  of  .si?  meV  is  determined. 
For  wurtzite-type  samples  (x>0.05).  the  core  exciton  derived  structures  arc  broadened,  reflecting  the  tenfold 
splitting  of  the  .3d  states  under  symmetry. 


I.  Introduction 

The  electronic  structure  of  II-VI  semiconduc¬ 
tors  is  distinguished  from  that  of  Ill-V  com¬ 
pounds  by  having  a  cation  d-band  inside  the  main 
valence  band.  Among  other  effects;,  the  band  gap. 
the  spin-orbit  splitting  at  the  valence  band  maxi¬ 
mum  and  the  valence  band  offsets  between  semi¬ 
conductors  are  thus  influenced  by  the  metal  d- 
bands  [1],  In  contrast  to  this,  the  cation  d-clec- 
trons  are  treated  as  part  of  the  chemically  inert 
atomic  core  in  the  interpretation  of  photoemis¬ 
sion  data  [2,3]  and  in  most  calculations  (see  the 
publications  cited  in  ref.  [1]). 

In  this  paper  we  examine  the  influence  of 
crystal  structure  on  the  metal  d-electrons  of 
Zn|_^Mn,S.  The  semimagnetic  semiconductor 
Zn|_^Mn,S  is  an  excellent  candidate  for  these 
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investigations  because  (i)  the  crystal  structure 
changes  from  zincblende  to  wurtzite  for  man¬ 
ganese  concentrations  in  the  range  from  .v  =  ().U5 
to  .v  =  ().l,  depending  on  the  technique  applied 
for  growing  the  crystals  [4],  and  (ii)  its  band  gap 
varies  linearly  with  .v,  independent  of  the  crystal 
structure  [5]. 


2.  Experimental  procedure 

The  high-resolution  reflectance  spectroscopy 
experiments  were  carried  out  at  the  2m-SEYA 
beamline  of  the  synchrotron  radiation  storage 
ring  BESSY  in  Berlin.  Crystals  were  grown  at  our 
in.stitute  using  a  modified  Bridgman  technique, 
and  the  manganese  content  was  checked  by  mi¬ 
croprobe  analysis.  From  the  bulk  crystals,  sam¬ 
ples  were  prepared  by  cleaving  under  imbii  ni 
conditions.  The  samples  were  then  mi'u  '  n  i 
Oxford  Instruments  CF  IKK)  cryost.u  ne 
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experiments  in  the  temperature  range  of  25  K  up 
to  room  temperature.  From  the  reflectance  data, 
the  dielectric  function  was  calculated  via 
Kramers-Kronig  transformation,  and  the  imagi¬ 
nary  part  of  the  dielectric  function  was  subjected 
to  a  lineshape  analysis  (for  detailed  information, 
see  ref.  [6]). 


3.  Results  and  discussion 

An  important  result  of  the  location  of  the 
cation  d-bands  inside  the  main  valence  band  of 
II-VI  compounds  is  that  the  d  states  are  influ¬ 
enced  also  by  crystal  field  interaction,  whereas 
they  can  be  treated  as  core-like  states  for  IIl-V 
semiconductors  [1],  Thus,  when  calculating  the 
electronic  structure  especially  for  the  cation  d- 
bands,  the  crystal  structure  and  the  symmetry 
representations  have  to  be  taken  into  account, 
and  for  ZnS  only  a  few  band  structure  calcula¬ 
tions  are  available  where  the  metal  d-atoms  were 
not  treated  as  core-like  atoms  [1,7]. 

Since  we  were  interested  in  the  analysis  of  Zn 
3d  derived  transitions,  we  calculated  the  expected 
splitting  of  the  d  states  for  both  crystal  structures 
under  study.  Our  calculations  were  restricted  to 
the  centre  of  the  Brillouin  zone,  because  only  for 
this  symmetry  point  can  zincblende  and  wurtzite 
structure  be  compared  directly. 

Zincblende  structure  has  a  tetrahedral  point 
group  (Tj).  Because  of  the  missing  inversion  sym¬ 
metry,  zincblende-type  semiconductors  exhibit  a 
mixing  of  central-atom  d  states  and  ligand-atom  p 
states  [Ij.  If  only  crystal  field  interaction  is  con¬ 
sidered  we  find  two  Zn  3d  states  at  the  T-point. 
Applying  Bethe’s  notation  the  irreducible  repre¬ 
sentations  r,  (twofold  degenerate)  and  T, 
(threefold  degenerate)  result  (according  to 
Bouckaert’s  notation  Tjj  and  T,,.  as  presented  in 
the  work  of  Wei  and  Zunger  [1]  and  Eckelt  [7]). 
Under  the  influence  of  spin-orbit  interaction,  the 
r,  state  is  not  affected  and  transforms  into  a 
representation,  whereas  the  state  splits  into 
one  Ff  and  one  F^  representation.  For  this 
spin-orbit  splitting,  ^kelt  calculated  a  value  of 
300  meV  [8].  Taking  into  account  the  number  of 
two  atoms  per  unit  cell,  the  above  result  reflects 


zincblende  structure  wurtzite  structure 

Fig.  1.  Resulting  Zn  3d-eleclronic  states  at  the  T-point  of  the 
Brillouin  zone  for  zincblende  (left)  and  wurtzite  structure 
(right).  In  the  calculation,  crystal  field  and  spin-orbit  splitting 
are  included. 

the  number  of  10  d-electrons.  The  resulting  elec¬ 
tronic  states  at  the  T-point  are  shown  in  Fig.  1 . 

For  wurtzite  structure  the  situation  is  more 
complicated.  At  the  centre  of  the  Brillouin  zone 
the  symmetry  representation  is  and  is  thus 
reduced  with  respect  to  zincblende.  Furthermore, 
for  the  hep  lattice  the  unit  cell  contains  four 
atoms,  and  we  expect  20  d-electrons  at  the  F- 
point.  Due  to  the  reduced  symmetry  we  find 
already  six  d  states  if  spin-orbit  interaction  is 
neglected;  two  non-degenerate  F^  and  F^  states 
and  four  twofold  degenerate  F^  and  states.  If 
spin-orbit  interaction  is  considered,  the  degener¬ 
acy  is  cancelled  out,  and  we  get  ten  non-degener¬ 
ate  stales  (the  irreducible  representations  are 
shown  in  Fig.  1). 

The  result  of  our  reflectance  spectroscopy  ex¬ 
periments  is  shown  in  Fig.  2  for  pure  ZnS  (i.e., 
jt  =  0)  in  zincblende  structure.  The  first  structure 
in  this  figure  peaking  at  ll.S  eV  is  due  to  an 
interband  transition  located  along  the  2-direc- 
tion  in  the  Brillouin  zone  [9].  The  sharp  struc¬ 
tures  around  12  eV  are  subject  to  our  investiga¬ 
tions.  They  originate  in  the  excitation  of  Zn  3d 
core  level  excitons.  Two  distinct  peaks  are  clearly 
resolved,  and  a  third  structure  appears  as  a  low 
energy  shoulder  of  the  first  peak. 

From  a  lineshape  analysis  we  achieve  an  excel¬ 
lent  fit  of  the  experimental  £2  three 
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Lorentzians  are  used.  The  resulting  energies  are 
11.896,  12.045  and  12.296  eV,  respectively.  We 
ascribe  the  observed  lines  to  the  excitation  of 
core  level  excitons  of  the  Zn  3d  states  Fg,  F 7  and 
at  the  T-point  (see  bottom  of  Fig.  2  and  also 
Fig.  1).  From  the  excitation  energies  of  the  F-, 
and  Fx  core  excitons  at  12.045  and  12.296  eV, 
respectively,  the  spin-orbit  splitting  can  be 
calculated.  The  resulting  value  is  251  meV. 
This  triplet  of  core  exciton  structures  observed 
for  ZnS  can  be  clearly  followed  for  Zn|_^Mn^S 
up  to  a  manganese  concentration  of  jt  =  0.037, 
being  the  highest  amount  of  manganese  for  which 
our  samples  are  in  the  zincblende  structure.  Both 
the  core  exciton  energies  and  the  spin-orbit  split¬ 
ting  remain  constant  within  this  concentration 
range. 

The  core  level  exciton  derived  structures  are 
followed  by  core  level  conduction  band  transi¬ 
tions  at  the  F-point,  dominated  by  the  peak  in 
the  «2  spectrum  at  12.554  eV  which  is  correlated 
to  the  F,  core  exciton  at  12.045  eV.  The  peak  at 
12.820  eV  correlates  to  the  F^  core  excition  at 
12.296  eV,  the  spin-orbit  splitting  calculated  from 
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Fig.  2.  Top:  Imaginary  part  of  the  dielectric  function  of 
zincblende-type  ZnS  in  the  energy  range  of  the  cation  .Id 
transitions;  bottom;  result  of  the  line  shape  analysis  for  the 
core  exciton  lines.  The  energy  levels  and  the  spin-orbit  split¬ 
ting  are  shown,  and  the  range  of  transitions  into  the  conduc¬ 
tion  band  minimum  is  indicated. 
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Table  1 

Experimentally  determined  binding  energies  and  spin-orbit 
splitting  of  the  cation  .Id  states  of  ZnS  (the  data  of  Eckelt  [7.8] 
are  from  calculations) 


Reference 

Binding  energy  (eV) 

ImeV) 

Vesely  and  Langer  [1 1] 

8.97 

560 

9.53 

Ley  et  al.  [2] 

9.03 

- 

This  work 

8.60 

251 

8.78 

9.03 

Eckelt  [7.8] 

7.0 

300 

these  two  transitions  is  identical  with  the  value 
derived  from  the  respective  core  exciton  lines. 
The  structure  corresponding  to  the  uppermost  F^^ 
core  excition  at  11.896  eV  is  hidden  at  the  onset 
of  the  peak  at  12.554  eV. 

From  the  difference  in  energy  between  the 
direct  conduction  band  transitions  and  the  core 
exciton  lines,  the  exciton  binding  energy  can  be 
calculated.  We  achieve  a  value  of  517  meV  in 
agreement  with  "first  principles"  calculations  re¬ 
ported  by  Chacham  et  al.  [10].  If  also  the  band 
gap  energy  is  known,  the  binding  energy  of  the 
cation  d  states  can  be  obtained:  8.60  eV  for  F^, 
8.78  eV  for  F-,  and  9.03  eV  for  F^  (see  Table  1 
and  references  therein). 

Transitions  from  the  cation  d  states  into  the 
conduction  band  minimum  at  the  F-point  are 
well  separated  from  transitions  at  other  points  of 
high  symmetry  inside  the  Brillouin  zone  because 
of  (i)  the  high  energy  separation  between  the 
conduction  band  minima  at  the  F -  and  the  L-point 
of  at  least  1.5  eV  (the  L-point  minimum  being  the 
second  lowest  conduction  band  minimum)  [7]  and 
(ii)  a  dispersion  of  the  d-bands  being  one  order  of 
magnitude  smaller  than  that  of  the  lowest  con¬ 
duction  band  [1].  We  therefore  ascribe  the  struc¬ 
ture  peaking  at  13.3  eV  in  the  Cj  spectrum  of  Fig. 
2  to  the  onset  of  transitions  at  the  L-point. 

In  contrast  to  the  energy  range  of  transitions 
at  the  F-point,  where  pronounced  structures  are 
observed,  no  fine  structure  can  be  resolved  for 
energies  above  13  eV.  One  reason  is  given  by  the 
fact  that  at  the  L-point  the  symmetry  is  lower 
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Fig.  3.  Imaginary  part  of  the  dielectric  function  of 
Zn,  ,MN,S.  Lower  curve:  jc  =  0,  zincblende  structure;  upper 
curve;  x  =  0.07.  wurtzite  structure. 


A 


-• 


wurtzite 


zincblende 


11  12  13  14 

photon  energy  (eV) 


A  significant  change  is  found  in  the  core  level 
exciton  structures  within  the  energy  range  be¬ 
tween  11  and  12.5  eV.  For  wurtzite  type  samples 
we  now  observe  only  two  broad  and  intense  struc¬ 
tures,  replacing  the  interband  transition  peak  E, 
and  the  core  level  exciton  peaks  found  for 
zincblende  structure.  These  spectral  features  can 
be  followed  up  to  the  highest  available  man¬ 
ganese  concentration  of  at  =  0.563,  As  discussed 
in  the  first  part  of  this  section,  this  change  is  due 
to  the  difference  in  the  electronic  structure  of  the 
Zn  3d  states  at  the  F-point  of  the  two  crystal 
structures  under  study.  Since  we  now  have  ten 
electronic  d  states  rather  than  three  for  the 
zincblende  structure  (see  Fig.  1),  the  experimen¬ 
tal  £2  reflect  the  changes  in  the  electronic 
structure.  Due  to  the  high  amount  of  electronic 
states  involved  and  the  fact  that  eight  of  them 
result  from  the  spin-orbit  interaction,  a  line  shape 
analysis  could  not  deliver  reliable  results. 


4.  Conclusions 


than  at  the  centre  of  the  Brillouin  zone.  Thus  five 
d  states  result,  spread  over  a  wider  energy  range 
than  the  electronic  states  at  the  F -point.  Nearly 
the  same  electronic  structure  is  found  for  the 
X-point,  the  conduction  band  minima  at  L  and  X 
being  only  separated  by  a  few  tenths  of  an  elec¬ 
tron  volt  [7].  The  structures  derived  by  transitions 
from  d  states  into  the  conduction  band  minima  at 
L  and  X  thus  partly  overlap,  and  the  resulting  Cj 
spectrum  is  almost  unstructured. 

As  mentioned  earlier,  the  spectral  shape  pre¬ 
sented  in  Fig.  2  can  be  followed  as  tong  as  the 
Zn,_^Mn^S  samples  have  the  zincblende  struc¬ 
ture.  For  manganese  concentrations  above  x  = 
0.05  the  samples  have  the  wurtzite  structure.  For 
a  Zn,_^Mn^S  sample  with  a  manganese  content 
of  jf  =  0.07,  the  £2  spectrum  is  shown  in  Fig.  3. 
From  a  comparison  with  the  spectrum  of  pure 
ZnS  given  at  the  bottom  of  Fig.  3  it  can  be  seen 
that  the  onset  of  conduction  band  transitions  at 
the  F-point  is  almost  not  affected  by  the  change 
in  crystal  structure,  due  to  the  very  small  varia¬ 
tion  of  the  band  gap  with  increasing  manganese 
concentration  [5]. 


The  excitation  of  Zn  3d  core  level  excitons  in 
zincblende-type  Zn,_^Mn,S  could  be  used  to 
reveal  the  electronic  structure  of  the  cation  d 
states  at  the  centre  of  the  Brillouin  zone.  The 
theoretically  predicted  splitting  into  three  elec¬ 
tronic  states  and  accordingly  the  spin-orbit  split¬ 
ting  could  be  confirmed  by  the  experimental  data 
and  a  detailed  line  shape  analysis.  At  the  same 
time  it  could  be  shown  that  the  cation  d  states  of 
11-Vl  compounds  are  influenced  by  the  crystal 
field.  Due  to  the  change  in  the  crystal  structure  at 
a  manganese  concentration  of  x  *  0.05,  the  dis¬ 
tinct  core  level  exciton  peaks  found  for 
zincblende-type  samples  are  replaced  by  two 
broad  and  unstructered  lines. 
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Recent  progress  in  p-type  doping  of  ZnSe  has 
been  achieved  by  using  the  MBE  growth  tech¬ 
nique  with  nitrogen  free-radicals  as  a  source  for 
the  acceptor  doping  [1].  The  concentrations  of 
electrically  active  N  acceptors  as  high  as  10"* 
cm  have  been  reported.  Attempts  to  reproduce 
these  results  with  the  MOVPE  growth  technique 
have  not  been  successful  so  far.  It  has  been 
suggested  that  a  major  impediment  to  achieving 
large  free  hole  concentrations  using  MOVPE  is 
the  passivation  of  N  acceptors  by  H.  The  po.ssible 
sources  of  H  contamination  in  the  growth  process 
include  NH,  used  as  a  N  source,  H,  as  a  carrier 
gas  and  H  as  a  decomposition  product  of  the  Zn 
and  Se  precursor  molecules. 

In  this  late-news  paper  we  present  the  first 
spectroscopic  evidence  for  the  presence  of  N-H 
complexes  in  MOVPE-grown  ZnSe  [2].  The  ZnSe 
layers  were  grown  by  photo-assisted  MOVPE  on 
(100)  semi-insulating  substrates  using  dimethyl- 
zinc  and  dimethyl-selenium  as  precursors.  The 
growth  temperature  was  350°C  and  the  layers 
were  2.3  to  3  jim  thick.  The  layers  were  doped 
with  N  using  NH,  in  a  flow  modulation  epitaxy. 
The  capacitance-voltage  measurements  have 
shown  the  concentration  of  electrically  active  ac¬ 
ceptors  to  be  less  than  10”  cm'  \  although  the 
total  concentration  of  N  atoms  determined  from 
SIMS  measurements  exceeded  10”  cm“’.  Fourier 
transform  infrared  absorption  spectra  were  taken 
at  9  K  and  at  room  temperature.  Room  tempera¬ 


ture  Raman  scattering  experiments  were  per¬ 
formed  in  a  pseudo-backscattering  geometry  us¬ 
ing  an  ion  argon  laser. 

The  results  of  the  infrared  absorption  mea¬ 
surements  at  9  K  are  shown  in  Fig.  1 .  Two  peaks, 
one  at  3194  cm"'  and  one  at  783  cm"',  were 
clearly  observed  in  the  spectrum.  Since  these 
peaks  have  only  been  observed  in  N-doped 
MOVPE  grown  ZnSe  and  have  not  been  detected 
in  an  undoped  reference  sample,  we  assign  them 


Fig.  I.  Infrared  absorption  lines  in  N-doped  ZnSe  containing 
H.  The  H  stretch  vibration  mode  (3194  cm  ' )  and  the  H  wag 
mode  (783  cm  ~ ' )  are  shown.  Two  configurations  shown  as 
inserts  in  (a)  and  (b)  are  fully  compatible  with  the  IR  and 
Raman  spectroscopy  data. 
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to  local  vibrational  modes  of  the  N-H  complex. 
The  high  energy  peak  at  3194  cm  '  corresponds 
to  the  stretching  and  the  low  energy  peak  at  783 
cm“'  corresponds  to  the  wagging  mode  of  the 
complex.  The  energy  of  the  stretching  mode  is 
8%  lower  than  the  energy  of  N-H  vibrations  in 
the  NH,  molecule  at  3444  cm“'.  This  is  consis¬ 
tent  with  the  empirical  rule  stating  that  the  LVM 
frequency  is  several  percent  lower  for  a  bond  in 
the  crystal  lattice  than  it  is  for  the  same  bond  in  a 
free  molecule.  An  analysis  of  the  polarized  Ra¬ 


man  spectroscopy  results  has  shown  that  the  N-H 
complex  has  Cy^  symmetry.  Therefore,  as  is  shown 
in  the  insert  of  Fig.  1,  the  H  atom  can  be  bonded 
to  the  N  atom  in  a  bonding  or  antibonding  direc¬ 
tion.  In  analogy  with  C-H  complexes  in  GaAs, 
the  bonding  position  of  the  H  atoms  is  a  more 
likely  configuration  for  the  N-H  complex. 


Ill  R.M.  Park  et  al..  Appl.  Phys.  Lett.  57  (1990)  2127. 
12]  J.A.  Wolk  et  al.,  Appl.  Phys.  Lett.,  to  be  published. 
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Late  News 

The  influence  of  nitrogen  on  the  p-conductivity  in  ZnSe  epilayers 
grown  by  molecular  beam  epitaxy 

A.  Hoffmann  B.  Lummer  L.  Eckey  V.  Kutzer  Ch.  Fricke  R.  Heitz 
I.  Broser  E.  Kurtz  B.  Jobst  D.  Hommel  *’ 

"  Institut  fiir  Festkorperphysik,  Technische  Vniversitat  Berlin.  Hardenhergstrasse  3b.  D-10623  Berlin.  Germany 
*  Physikalisches  Institut.  Unirersitdt  tViirzbun;.  Am  Hubland.  D-97074  Wiirzhuig.  Germany 


The  relation  between  the  incorporation  of  ni¬ 
trogen  into  ZnSe/GaAs  epilayers  grown  by 
molecular  beam  epitaxy  (MBE)  and  the  resulting 
p-conductivity  is  not  fully  understood  to  date. 
Native  point  defect  reactions  are  believed  to 
strongly  interfere  with  the  control  of  carrier  type 
and  conductivity.  Our  MBE  samples  were  grown 
on  p-type  (100)  GaAs :  Zn  substrates  in  a  4-cham¬ 
ber  system  using  elemental  sources  for  Zn  and  Se 
with  a  Se/Zn  flux  ratio  of  2: 1.  N  was  incorpo¬ 
rated  during  growth  using  a  plasma  source.  Vary¬ 
ing  the  substrate  parameters  we  are  able  to  pro¬ 
duce  p-type  or  n-type  conductivity.  We  present 
time-integrated  and  time-resolved  photolumines¬ 
cence  (PL)  measurements  yielding  new  informa¬ 
tion  on  the  incorporation  mechanisms  of  N  into 
p-type  ZnSe  epilayers. 

Spectra  of  n-type  and  weakly  p-type  samples 
exhibit  bound  exciton  (BE)  and  donor-acceptor 
pair  (DAP)  luminescence  (cf.  Fig.  1).  From  their 
energies  the  BE  emissions  are  attributed  to  the 
decay  of  excitons  bound  to  a  Ga  donor  (1 2),  a  N 
acceptor  (I{^),  and  to  a  complex  of  a  Zn  vacancy 
and  interstitial  Ga  (If),  evidencing  interdiffusion 
of  Ga  and  incorporation  of  N  on  Se  sites.  This  is 
supported  by  the  fact  that  samples  grown  at  higher 
temperatures  tend  to  be  n-type.  The  DAP  lumi¬ 
nescences  around  2.70  eV  are  consistent  with  a  N 
acceptor  level  between  100  and  110  MeV.  With 
higher  N  concentrations  and  -  i  x  10'^ 


cm"  \  instead  of  BE  and  DAP  luminescences  a 
new  broad  band  appears  around  2.63  eV.  How¬ 
ever,  time-resolved  PL  proves  the  DAP  character 


Fig.  1.  Luminescence  of  N-doped  ZnSe/GaAs  in  the  band 
edge  region. 


0022-0248/94/$07.00  ©  1994  Elsevier  Science  B.V.  All  rights  reserved 
SSDl  0022-0248(94)00017-G 


1074 


A.  Hoffmann  el  at. /Journal  of  Crystal  Growth  138  (1994)  1073-1074 


of  this  band.  From  this  we  estimate  a  N-associ- 
ated  donor  level  at  50  meV.  The  acceptor  con¬ 
centrations,  determined  by  means  of  time-re- 
solved  PL  (for  the  method,  see  ref.  [1]),  are  in 
reasonable  agreement  with  -  Nq  values  from 
C-V  profiling  measurements  (given  in  Fig.  1).  A 
further  increase  of  the  N-concentration  results  in 
a  blue  shift  of  this  broad  band,  a  behaviour 
known  form  highly  n-doped  CdS  [1]  and  ex¬ 
plained  by  screening  of  shallow  impurity  levels. 


The  growth  temperature  is  an  important  pa¬ 
rameter  for  p-  or  n-conductivity  of  ZnSe  grown  in 
a  N  plasma,  since  it  is  related  to  the  incorpora¬ 
tion  of  native  defects.  RHEED  studies  in  the 
growth  regime  showed  a  clear  (2x1)  reconstruc¬ 
tion  for  p-samples,  indicating  a  surface  rich  of  Se, 
whereas  n-samples  exhibited  a  (2  X  2)  reconstruc¬ 
tion  typical  for  a  surface  rich  of  Zn. 

[1]  Ch.  Fricke  et  al..  J.  Crystal  Growth  138  (1994)  815. 
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Late  News 

SrS  single  crystals  grown  by  physical  vapor  transport 

R.  Helbing,  R.S.  Feigelson 

Center  for  Materials  Research.  Stanford  University,  Stanford.  California  94205.  USA 


Alkaline  earth  sulfides  have  recently  been 
found  to  have  interesting  luminescent  properties 
for  applications  in  thin  film  electroluminescence 
devices.  Strontium  sulfide  doped  with  rare  earth 
ions  is  one  of  the  most  promising  of  these  materi¬ 
als  for  blue  or  white  emitting  displays.  However, 
little  is  known  about  the  basic  material  properties 
of  the  lla-Vl  semiconductors,  one  of  the  reasons 
being  the  difficulty  to  grow  single  crystals  of  these 
materials.  Thus,  we  have  investigated  the  crystal 
growth  and  characterization  of  SrS.  In  prelimi¬ 
nary  experiments  using  the  laser  heated  pedestal 
growth  (LHPG)  technique,  the  high  evaporation 
rate  of  the  SrS  prevented  the  formation  of  a 
stable  molten  zone.  However,  the  re-condensed 
material  in  the  system  was  found  to  be  pure, 
stoichiometric  SrS  and,  therefore,  vapor  phase 
transport  appeared  a  more  promising  approach. 
Using  the  physical  vapor  transport  (PVT)  tech¬ 
nique,  we  have  been  able  to  grow  SrS  crystals 
about  1  cm  in  diameter  and  I  cm  in  length 
containing  only  a  few  grains.  Crystals  were  grown 
in  a  single  zone,  high  temperature  graphite  fur¬ 
nace  in  a  graphite  ampoule  at  I650°C  and  lO  '* 
Torr.  The  as-grown  crystals  were  slightly  colored. 
Electron  microprobe,  XPS  and  X-ray  diffraction 


showed  no  deviation  from  stoichiometry,  within 
the  limits  of  detection.  The  photoluminescence 
spectra  of  as-grown  SrS  crystals  showed  a  broad 
band  emission  centered  at  around  630  nm,  its 
excitation  peak  being  at  290  nm  -  in  close  agree¬ 
ment  with  the  band  gap  energy  of  about  4.3  eV. 
Upon  annealing  in  a  sulfur  and  selenium  atmo¬ 
sphere,  respectively,  the  crystals  turned  com¬ 
pletely  black.  After  heat-treating  of  these  crystals 
at  elevated  temperature,  the  original  color  of  the 
as-grown  crystals  returned.  However,  annealing 
of  as-grown  crystals  in  an  argon  atmosphere  at 
2000°C  in  an  arc  image  furnace  resulted  in  color¬ 
less  crystals.  The  coloration  of  the  as-grown  crys¬ 
tals  may  result  from  carbon  incorporation  during 
growth.  The  PVT-grown  crystals  were  remarkably 
stable  with  respect  to  an  ambient  air  atmosphere. 
After  several  months  open  storage,  no  signs  of 
degradation  were  observed,  polished  surfaces 
stayed  mirror-like.  Only  after  heat-treating  of  as- 
grown  crystals  in  air  for  16  h  at  6(X)°C,  a  thin, 
oxygen-containing  surface  layer  was  found.  Com¬ 
pared  to  as-grown  material,  photoluminescence 
measurements  of  these  crystals  revealed  an  addi¬ 
tional  emission  as  well  as  excitation  peak  at  480 
and  315  nm,  respectively. 


()022-0248/94/$n7.00  e  1994  Elsevier  Science  B.V.  All  rights  reserved 
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Late  News 

Studies  of  blue-green  laser  structures  with  asymmetric 
and  pseudomorphic  ZnSe  wave  guides 

D.  Hommel  E.  Kurtz  T.  Behr  A.  Jakobs  B.  Jobst  S.  Scholl  K.  Schiill 
V.  Beyersdorfer  G.  Landwehr  H.  Cerva 
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^Siemens  AG,  Otto-Hahn-Ring  6,  D-8I739  Miinchen,  Germany 


The  laser  structures  were  grown  in  the  3M 
configuration  with  Cd^Zn,_^Se  quantum  well, 
ZnSe  wave  guide  and  ZnSoo6Seo.94  cladding  lay¬ 
ers  lattice  matched  to  the  n-type  GaAs.  Si  sub¬ 
strate.  Au-Ge  contacts  were  applied  to  the  GaAs 
backside  and  30  /im  Au  stripes  to  the  top  of  the 
p-ZnSSe :  N  layer. 

Based  on  confinement  calculations  for  a  10  nm 
thick  CdZnSe  well,  an  asymmetric  wave  guide 
with  320  nm  ZnSe  below  and  160  nm  above  the 
quantum  well  was  chosen  to  ensure  that  the  ZnSe 
layer  is  at  least  partially  relaxed  before  the  active 
region  is  grown. 

Laser  emission  was  studied  using  pulses  with  a 
length  between  100  and  400  ns  and  a  repetition 
rate  up  to  10  kHz,  usually  at  77  K.  For  a  cavity 
length  of  1.3  mm  the  longitudinal  mode  spacing 
was  0.32  A.  Single  mode  operation  has  been 
observed  as  well.  The  threshold  current  density 
was  about  570  A/cm^  and  the  power  output  per 
uncoated  facet  more  than  SO  mW.  The  lifetime 
exceeded  3  h  at  77  K.  while  lasing  was  observed 
up  to  250  K. 


Carrier  densities  as  measured  by  C-V  profil¬ 
ing  V  ill  be  discussed  as  well  as  structural  proper¬ 
ties  determined  by  high  resolution  X-ray  diffrac¬ 
tion  reciprocal  space  mapping. 

A  novel  approach  to  prevent  the  formation  of 
misfit  dislocations  within  the  active  layer  of  such 
laser  structures  without  using  quaternary  com¬ 
pounds  is  the  growth  of  strained  ZnSe  wave 
guides.  The  thickness  of  the  ZnSe  at  both  sides  of 
the  quantum  well  was  chosen  as  70  nm  in  order 
to  be  below  the  critical  thickness  of  150  nm  for 
ZnSe  on  GaAs.  TEM  studies  of  such  quantum 
well  and  laser  structures  confirm  the  excellent 
crystalline  quality.  The  active  region  of  such  laser 
structures  is  free  of  misfit  dislocations.  The  opti¬ 
cal  confinement  factor  is  1.8%,  a  value  still  above 
the  one  calculated  for  structures  with  partially 
relaxed  wave  guides. 

Lasing  of  such  a  structure  has  been  observed 
recently. 
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Ridge  waveguide,  separate  confinement  green-blue 
heterostructure  lasers 

A.  Saiokatve  H.  Jeon  M.  Hovinen  P.  Kelkar  A.V.  Nurmikko  D.C.  Grillo 
Li  He  J.  Han  **,  Y.  Fan  R.L.  Gunshor 
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We  report  on  the  room  temperature  perfor¬ 
mance  of  ZnCdSe/ZnSSe/ZnMgSSe  separate 
confinement  (SCH)  diode  lasers  which  also  incor¬ 
porate  Zn(Se,Tfc;  graded  gap  ohmic  contacts.  A 
heavily  doped  p-ZnTe  forms  the  top  layer  for 
metal  (Pd)  contact.  The  pseudomorphic  het¬ 
erostructures  have  been  fabricated  into  ridge 
waveguides  by  a  self-aligned  contact  process,  with 
a  typical  mesa  width  in  the  5-6  /im  range.  Spe¬ 
cific  dry  etch  and  other  processing  methods  are 
necessary  due  to  the  chemical  differences  be¬ 
tween  ZnSe  and  ZnTe.  Room  temperature  laser 
operation  at  voltages  as  low  as  7  V  have  been 
obtained  for  500  jam  long  devices  with  uncoated 
facets,  with  single  transverse  mode  output,  and 
with  differential  quantum  efficiency  at  approxi¬ 
mately  20-25%  per  facet.  Both  single  and  multi¬ 
ple  quantum  well  structures  have  been  employed, 
with  threshold  current  density  in  the  range  of 
1.2- 1.5  kA/cm^  for  the  former,  and  about  600 
A/cm^  per  quantum  well  for  the  latter.  Pulsed 
high-duty  cycle  operation  up  to  several  tens  of 
percent  has  been  verified  in  heatsunk  devices. 

At  the  high,  quasi-CW  duty  cycle  level  of  oper¬ 
ation,  the  device  lifetime  is  reduced  to  seconds. 
The  slope  efficiency  deteriorates  quickly  and  we 
frequently  observe  in  the  temporal  output  distinct 


but  random  pulsations  as  the  devices  degrade. 
The  laser  pulsations  can  occur  on  a  timescale  of  a 
microsecond  or  less  and  appear  to  be  directly 
connected  to  defect  formation  and  propagation  in 
the  active  layers.  By  employing  transparent  elec¬ 
trode  material,  we  have  also  used  optical  mi¬ 
croscopy  to  visualize  the  formation  of  defects  in 
real  time  during  the  degrading  of  the  laser  de¬ 
vices,  by  spatially  imaging  the  spontaneous  emis¬ 
sion  along  the  stripe  electrode  atop  the  active 
region.  Clear  evidence  is  seen  of  the  coalescing  of 
defected  microareas  into  macroscopic  regions 
which  leads  to  an  accelerated  reduction  in  the 
optical  emission  from  the  device,  impairing  of  the 
vertical  transport,  and  to  a  subsequent  catas¬ 
trophic  failure.  Eventually,  large  dark  areas  within 
the  stripe,  with  regular  geometrical  features  along 
principal  crystallographic  planes,  show  nearly  to¬ 
tal  quenching  of  optical  activity.  These  spatially 
resolved  observations  are  similar  to  those  recently 
reported  by  the  group  at  3M  in  the  LED  regime 
in  a  study  which  also  included  transmission  elec¬ 
tron  microscope  analysis  of  the  dislocation-de¬ 
rived  defect  microstructure. 

Research  supported  by  the  ARPA,  NSF,  and 
AFOSR. 
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Reduction  of  the  Au/p-ZnSe(100)  Schottky  barrier  height  using 

a  thin  Se  interlayer 
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We  present  a  study  of  the  formation  of  Schott¬ 
ky  barriers  (SBs)  between  Au  and  p-ZnSe(lOO) 
using  high-resolution  synchrotron-radiation  pho¬ 
toemission  spectroscopy  (PES).  PES  is  a  powerful 
technique  in  that  it  provides  information  on  in¬ 
terface  chemical  reaction,  intermixing,  growth 
mode  of  the  metal  layer  and  intermediate  values 
of  the  barrier  during  the  interface  formation. 
Au/p-ZnSe(  100)  is  an  important  test-case  inter¬ 
face.  Theoretically,  high  work  function  metals 
like  Au  should  produce  low  barriers  for  holes  on 
p-ZnSe.  Low  barrier,  or  ohmic,  contacts  are  cru¬ 
cial  for  further  developments  of  11-VI-based  light 
emitting  devices. 

p-Type  ZnSe(lOO),  nitrogen-doped  with  a  free 
carrier  concentration  of  ~5x  10'^  cm"\  was 
grown  by  molecular  beam  epitaxy  on  p-GaAs(100) 
substrates.  The  thickness  of  the  ZnSe  layers  was 
5000  A.  These  samples  were  capped  in  the  growth 
chamber  with  a  thick  Se  layer  for  protection 
during  transfer  to  the  photoemi.ssion  system,  and 
then  decapped  in  ultra-high  vacuum  to  obtain 
clean  ZnSe(lOO)  surfaces.  Depending  on  the  an¬ 
nealing  temperature,  Se-rich  (1  X  1),  (2  X  I)  and 
Zn-rich  c(2  X  2)  reconstructed  surfaces  were  ob¬ 
tained.  The  deposition  of  Au  was  done  by  evapo¬ 
ration  from  a  W  filament. 


The  measurement  of  SB  heights  by  PES  relies 
on  the  determination  of  the  Fermi  level  (£p) 
position  relative  to  the  valence  band  maximum 
(VBM)  on  the  clean  surface,  and  of  the  shift  of 
the  semiconductor  core  levels  as  a  function  of 
metal  deposition.  Using  this  technique,  we  found 
Ef  to  be  initially  at  1.1  eV  above  the  VBM  (1.1 
eV  downward  band  bending)  and  to  assume  a 
final  position  at  1.13  eV  above  VBM  for  thick  Au 
overlayers.  The  1.13  eV  hole  barrier  is  consistent 
with  previously  reported  PES  results  [1).  The 
analysis  of  the  core  level  spectra  shows  that  Au 
grows  in  a  layer-by-layer  mode,  and  that  no  signif¬ 
icant  chemical  reaction  nor  intermixing  takes 
place  at  room  temperature. 

A  substantial  modification  of  this  barrier  was 
obtained  by  leaving  a  thin  interlayer  (2-3  mono- 
layers)  of  Se  between  Au  and  the  ZnSe  surface. 
The  initial  Ef  position  was  ~  0. 1  eV  closer  to 
the  VBM  than  that  of  the  clean  surface,  and  the 
final  Au  SB  height  was  0.88  eV,  ~  0.25  eV  lower 
than  that  obtained  without  the  thin  Se  layer.  This 
result  will  be  discussed  in  terms  of  the  large 
electronegativity  and  work  function  of  Se. 


[I]  M.  Vos  et  al..  Phys.  Rev.  B  .39  (1989)  10744. 
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Growth  of  MgTe  and  Zn,_^Mg^Te  thin  films 
by  metalorganic  vapour  phase  epitaxy 

B.  Ou’Hen,  X.  Quesada,  W.S.  Kuhn,  J.E.  Bouree,  L.  Svob,  A.  Lusson,  O.  Gorochov 
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One  of  the  main  challenges  in  the  field  of  light 
emitting  semiconductor  laser  diodes  is  the  shift  of 
the  wavelengths  in  the  blue  and  the  UV  range  [1]. 
This  can  be  achieved  by  alloying  binary  material 
as  ZnTe  with  more  ionic  group  11  elements  as,  for 
example.  Mg. 

Here  we  report  for  the  first  time  on  metalor¬ 
ganic  vapour  phase  epitaxial  (MOVPE)  growth  of 
the  large  band  gap  semiconductor  MgTe  and  the 
variable  band  gap  ternary  alloy  Zn,_,Mg,Te. 
We  chose  the  precursors  diisopropyltellurium 
(DIPTe),  diethylzinc  (DEZn)  and  bis-methylcy- 
clopentadienylmagnesium  (MCPiMg).  All  layers 
were  grown  on  semi-insulating  (KKl)  GaAs  sub¬ 
strates  in  an  experimental  reactor  cell  with  down¬ 
flow  on  a  graphite  susceptor  placed  in  the  centre 
of  a  cylindrical  vertical  tube.  The  growth  parame¬ 
ters  were:  total  Hj  flow  =  1  SLM,  p„„  =  1  atm 
and  Tg  =  350°C. 

Bulk  MgTe  is  a  known  but  not  well  studied 
material  (very  hygroscopic)  with  wurtzite  type 
structure  and  a  direct  band  gap  of  the  order  of 
3.5  eV  [2].  The  MgTe  layers  were  found  to  be 
polycrystalline.  These  films  were  very  quickly  de¬ 
graded  by  hydratation  even  if  they  were  covered 
by  a  ZnTe  film.  Zn,_,Mg,Te  epitaxial  layers 
were  grown  with  a  Mg  concentration  of  0< jt 
<  0.6.  In  this  range  of  composition  they  appeared 
stable  in  air.  Up  to  50%  Mg  concentration,  the 
phase  is  essentially  a  zincblende  structure  and 
beyond  this  value  both  structures  seem  to  coexist 
[2].  The  crystalline  quality  of  the  layers  of 


Zn,_,MgjTc  alloys  was  comparable  with  that  of 
ZnTe  grown  on  (100)  GaAs  substrates  (c.g.. 
Zn„«,Mg„  lyTe:  1.5  jitn.  X-ray  (004)  FWHM 
~  700  arc  sec).  Quantitative  analysis  of  sample 
composition  has  been  performed  with  SEM- 
EDX.  A  ZnTe  thin  film  and  a  well  characterized 
bulk  Zn„74Mgo,2hTe  alloy  have  been  used  as  a 
reference.  The  composition  of  the  layer  versus 
the  inlet  partial  pressure  ratio  of  the  alkyls 
(pMg+Pzn^  is  presented  in  Fig.  1.  One  observes 
an  overproportional  ineorporation  of  the  Mg  in 
the  layers.  It  is  not  yet  clear  whether  this  be¬ 
haviour  .stems  from  the  low  thermal  stability  of 
the  MCP,Mg  eompared  to  DEZn,  or  whether  the 
thermodynamics  of  the  solid  solution  influences 
the  composition. 

Photoluminesccnce  measurements  exhibit  a 
deep  emission  in  the  green  region.  It  is  located 
about  210  meV  below  the  band  gap  edge  lumi- 


Fig.  I.  Composition  of  layers  as  a  function  of  the  inlet  partial 
pre.ssure  ratio  of  the  alkyls.  /( +  pg„ ). 


(X)22-()248/94/$()7.(K)  (O  1994  Elsevier  Science  B.V,  All  rights  reserved 
SSDI  0022-()2480()022-E 


1080 


B.  QuHen  et  al. /Journal  of  Crystal  Growth  IJH  (1^4)  1079-10H() 


nescence  reported  in  ref.  [3]. 

The  feasibility  of  growing  cubic  Zn,_,Mg^Te 
by  MOVPE  has  been  demonstrated.  The  usual 
optimization  of  the  growth  parameters  (tempera¬ 
ture.  inlet  partial  pressure,  purity,  growth  rate) 
should  result  in  better  optical  quality  of  the  mate¬ 
rial.  However,  an  easy  control  of  the  composition 
is  possible  with  the  selected  precursors. 


The  authors  would  like  to  thank  Dr.  J.  Cheval- 
lier  for  suggesting  this  investigation. 
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.324.  3.38.  .379.  412.  448.  513.  534.  595.  612,  629,  750 

- of  zinc  selenide  telluride  595 

- of  zinc  sulphide  121.  140.  418.  5.34.  578 

- of  zinc  sulphoselenide  35 

- of  zinc  telluride  412,  51.3.  5.38 

-  through  metalorganic  chemical  deposition,  photo-assisted 
- of  zinc  cadmium  selenide  7.37 

- of  zinc  selenide  737.  1071 

-  theory  of  68 

Two-six  (II-VI)  compounds 

-  doping  and  impurities  in  290.  310.  318.  .324.  .3.3X.  352.  357. 

.379.  .385.  .391.  .397.  403.  408.  418,  425.  437.  443.  448.  607. 
7.37.  745.  750 

-  -  theory  295,  .301,  .305,  820.  895 

Vapor  growth  technique 

-  by  evaporation  and  condensation 

-  of  strontium  sulphide  1075 

-  of  zinc  selenide  260 

-  of  zinc  telluride  219 

Zinc 

-  cadmium  selenide  .391.  ,5()X,  564.  625.  629,  647.  667.  677. 

686.  709.  714.  719.  745.  759.  764.  8.38.  861,  1077 

-  cadmium  sulphide  5.38.  570 

-  cadmium  sulphoselenide  28.  391,  703 

-  cobalt  sulphide  91,3 

-  magnesium  sulphoselenide  .367,  667.  677.  686.  709.  719. 

1077 

-  magnesium  sulphoselenide  telluride  1079 

-  manganese  selenide  575.  905,  1066 

-  oxide  924 

-  selenide  I.  14.  19.  .35.  48.  55.  59.  6.3.  75.  94.  99.  105.  110. 

114.  127.  1.36.  195.  255,  260.  290,  295.  ,30|.  .405.  310.  318, 

324.  331.  .3.38.  352.  357.  .37.3.  .379.  .385,  .391.  ,397.  40.3.  408. 

412,  425,  4.30,  448.  455.  464.  477.  504,  5,34.  ,564.  575,  595, 

601.  619.  625,  629,  6.3.3.  64.3,  647.  677,  714,  727.  745.  7.50. 

7.59.  764,  796,  805.  820.  8,38,  849.  861.  868.  924,  1071.  107,3. 
1076,  1078 

-  selenide  telluride  .595 

-  .sulphide  28,  140.  145,  418.  5,34.  559,  570.  643,  796.  87,3,  970. 

1010.  1023,  1061 

-  sulphoselenide  28.  .35.  324.  .3.31.  .367,  455.  667.  686.  709.  714. 

719,  745.  750,  755,  1046,  1076.  1077 

-  sulphoselenide  telluride  703 

-  telluride  8.  81,  187.  219.  295.  412.  52.3.  .5.38.  .5.50.  ,580.  590. 
633,  692.  826,  868 


